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Propolis is a one of products of honey bees. It is a mixture of beewax and botanical resins that 
honey bees collected from living plants and use to preserve a sterile environment in their hive. 
Stingless bees are a kind of social honey bees live in tropical and subtropical areas, and produce 
a propolis as well as honey bees with a sting such as Apis mellifera. Propolis has been used in 
folk medicine due to possess various biological activities (i.e. antibacterial, anticancer, 
antioxidant, and anti-inflammatory activities), derived from botanical origins. The chemical 
analyses of stingless bee propolis have been extensively studied by gas chromatography, however, 
isolation and strucuture determination of novel comopounds from stingless bee propolis have not 
been reported. In this thesis, the author describes the total syntheses of novel two monomeric 
phloroglucinols named tetragocarbone A and B which have been isolated from the propolis of 
Australian stingless bee (Tetragonula carbonaria), and determination of those stereochemistries. 
This thesis consists of 3 chapters. Chapter 1 describes the background of propolis research and the 
isolation and proposed structure of tetragocarbone A and B. Chapter 2 describes the total syntheses 
and determination of stereochemistries of tetragocarbone A and B. Tetragocarbone A and B include 
three chiral stereogenic centers. The author synthesized possible diastereomers of those natural 
compounds from phloroglucinol, and determined these relative stereochemistries by comparing 
NMR data of the synthetic samples with those of natural products. The absolute stereochemistry 
of tetragocarbone A was concluded as 1S,3S,6R by a combination of chiral HPLC and X-ray 
analyses. The absolute stereochemistry of tetragocarbone B was estimated to be same as 
tetragocarbone A. The author also mentions the efficient synthesis of tetragocarbone A. The 
synthetic strategy including directing effects of hydroxy group allowed to synthesize more than 
300 mg of tetragocarbone A. Chapter 4 describes the first total synthesis of triumphalone, 
isotriumphalone and natural product (no name) which isolated from Myrtus communis, and 
classified into monomeric phloroglucinol. The synthesized triumphalone was converted to 
isotriumphalone in one step. The structure of isotriumphalone revised to cyclopentanone having 








AZADO 2-azaadamantane N-oxyl 
Bu butyl 
calcd calculated 
CD circular dichroism 
-CHCA -cyano-4-hydroxycinnamic acid 
COSY two-dimensional correlation spectroscopy 
CSA 10-camphorsulfonic acid 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DIBAL diisobutylaluminium hydride 
DMAP 4-(dimethylamino)pyridine 
DMF N,N-dimethylformamide 
DMSO dimethyl sulfoxide 
dr diastereomeric ratio 
ED50 median effective dose 
EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EDCI 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 
EI electron impact 
ESI electrospray ionization 
Et ethyl 
eq. equivalent 
FAB fast atom bombardment 
FTIR Fourier transform infrared spectroscopy 
gem- germinal 
GC/MS gas chromatograph/mass spectrometer 
HMBC heteronuclear multiple bond correlation spectroscopy 
HMQC heteronuclear multiple quantum coherence spectroscopy 
HPLC high-performance liquid chromatography 
HRMS high-resolution mass spectrometry 
HWE Horner-Wadsworth-Emmons 
i iso- 
IC50 half maximal inhibitory concentration 
I.D. internal diameter 
J coupling constant (in NMR) 
LC/MS liquid chromatograph/mass spectrometer 
L-selectride lithium tri-sec-butylborohydride 
m-CPBA meta-chloroperbenzoic acid 
Me methyl 
MNBA 2-methyl-6-nitrobenzoic anhydride 
mp melting point 
MS mass spectrometry 
N normalized 
NMR nuclear magnetic resonance 
NOE nuclear Overhauser effect 
NOESY nuclear Overhauser and exchange spectroscopy 
NP normal phase 
ORTEP Oak Ridge thermal ellipsoid plot 
Ph phenyl 
Pr propyl 
quant. quantitative yield 
rac- racemate 
r.s.m. recovery of starting material 
rt room temperature 
sat. saturated 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TLC thin-layer chromatography 
TMEDA tetramethylethylenediamine 
TMS trimethylsilyl 
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リスから単離した 2 種の新規モノメリックフロログルシノール類テトラゴカルボン A (1)お
よび B (2)の合成を行い，それらの絶対立体化学を含めた構造を明らかにした(Figure 1-1)．
以下，ハリナシミツバチとプロポリスのこれまでの研究例について説明する． 
 
















に分類される (Figure 1-2)．ミツバチ族はセイヨウミツバチ (Apis mellifera)，トウヨウミツ








(2) 形態・生態 6) 
セイヨウミツバチの働き蜂は 12–14 mm 程度であり，女王蜂の場合 20 mm まで大きくな
る．ハリナシミツバチはセイヨウミツバチに比べて小型(2–15 mm)である．ハリナシ種で最




ツバチの飛行距離はおよそ 500 m であり，セイヨウミツバチは数 km と言われている． 
 

































































































の基本的な構成要素は樹脂 45～55％，ろう質・脂質 25～35%，精油分 10%，花粉 5%，そ













Salatino らは世界の各地域におけるプロポリスをポプラ型(type I)，グリーン型(type II)，ク
ルシア型(type III)，太平洋型(type IV)，地中海型(type V)の 5 つのタイプに分類し，それぞれ
のタイプに特徴的な化合物をまとめた（Figure 1-4）．11)ポプラ型プロポリスはポプラを起源
植物としてヨーロッパや北米，アジア北部，ニュージーランドを含めた温帯全域で見られ，
その特徴的成分は chrysin (5)と caffeic acid phenethyl ester (6)とされている．グリーン型はブ
ラジル南東部で採集されるグリーンプロポリスであり，artepillin C (7)のようなプレニル化
されたフェニルプロパノイドや 3-O-caffeoylquinic acid (8)が特徴的成分である．起源植物は
ブラジルで医用植物として用いられている Baccharis dracunculifolia とされている．キュー
バ，ベネズエラやブラジル北部で採集されたプロポリスは起源植物名に由来するクルシア
型に分類される．特徴的な成分としてはプレニル置換されたベンゾフェノン 9 がある．その
他ゲラニルフラバノン 10 を特徴成分とし，台湾や沖縄で採集される太平洋型(type IV)，ジ
テルペン 11 およびアントラキノン 12 を特徴とする地中海型 (type V)に分類される．これら
の植物起源はそれぞれ Macaranga および Cupressaceae とされている． 
 




ボノイド成分としては pinocembrin (13)，pinobanksin (14)，galangin (15)，sakuranetin (16), 
kaempferol (17)などが挙げられる（Figure 1-5）．12)これらはいずれも B 環に置換基のないフ
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ラボノイド類であり，ポプラ型プロポリスの主成分として認められている．13 や 14 は弱い
ながらも黄色ブドウ球菌や鵞口瘡カンジダ菌をはじめ，毛瘡白癬菌のような真菌にまで効
力があることが報告されている．13)その他，抗酸化活性，抗炎症活性，抗がん活性なども認















た誘導体 21 種を合成し，in vitro での肝転移がん細胞および肺転移がん細胞に対する増殖抑
制活性を評価した（Figure 1-6）．16)アルコール部分の鎖長が長くなるにつれて増殖抑制活性
は向上するとともに，アルキル側鎖末端にフェニル基もしくはシクロヘキシル基が結合し
た 18–21 が肝転移がん細胞に対して強い増殖阻害活性を示すことを報告している（EC50 
0.02–0.03 M）．これは既存の抗がん剤である 5-FU (EC50 0.06 M)やドキソルビシン(EC50 0.04 
M)と同程度の活性であった．抗がん作用メカニズムについては細胞増殖とアポトーシスに





Figure 1-6. Synthesized compounds by Kadota16) 
 
グリーン型プロポリスの成分はフラボノイドよりも桂皮酸誘導体やテルペノイドを多く
含むことが知られている．特徴成分である artepillin C (7)は 1994 年に Aga らによってブラジ
ル産プロポリスの主要な抗菌活性成分として単離された化合物であり，セレウス菌に対し




に至る．19)中野らはブラジル産プロポリスの 90％エタノールエキスから抗 MRSA 活性を指
標に分離を行い，7 と合わせて 22 を単離している（Figure 1-7）．20)7 が MIC 200 g/mL であ
るのに対し，22 は 2 g/mL と強い抗 MRSA 活性を示した． 
 





















vit–Oliviert らはベネズエラに生息している 5 種のハリナシミツバチ（Friesomelitta varia, 
Melipona favosa, Melipona compressipes, Scaptotrigona depilis, Paratrigona anduzei）およびセイ








Tetragona clavipes，Melipona quadrifasciata anthidioides）のプロポリスをそれぞれ GC/MS で
分析した．25)その成分として pinobanksin (14)やプロポリスからははじめてとなる kaur-16-ene 
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のプロポリスを n-ヘキサン/MeOH で抽出・分配した MeOH 層の GC/MS 分析を行った．比
較対照としてニュージーランドのセイヨウミツバチ由来プロポリスのエタノール抽出物も
合わせて分析した．その結果，ハリナシミツバチのプロポリスからは 34 成分が検出され，
gallic acid (23), abietic acid (26), pimaric acid (27)が主成分であった（Figure 1-9 下段）．そのう
ち，23, 26,および pimaric acid isomer (28)はセイヨウミツバチのプロポリス中には検出されて
おらず，クイーンズランド産ハリナシミツバチ T. carbonaria プロポリスの化学マーカーに
なりうると提唱している．26) 
 




が調べた限り 4 例であった．以下，単離・構造決定に至った研究例について述べる． 
 
(1) Bankova らによる単離構造決定 27) 
ブラジルのパラナ州で採集したハリナシミツバチ (Melipona quadrifasciata anthidioides)の
プロポリスの成分探索を行った．その結果，既知のテルペノイドとともにプロポリスからは






Figure 1-10. Diterpenes isolated from propolis of Melipona quadrifasciata anthidioides 
 
(2) Silveira らによる単離構造決定 28) 
Silveira らはブラジル北東部に生息するハリナシミツバチ (Trigona spinipes)のプロポリス
の成分研究を行い，5 環性のトリテルペンである magniferolic acid (32)およびその類縁体 33
を単離した（Figure 1-11）．合わせてフラボノイド(16, 34–37)を単離している．sakuranetin (16)，




Figure 1-11. Compounds isolated from propolis of Trigona spinipes 
 





C-メチルフラバノンは Myrtaceae 科植物の特徴成分として知られており，38，41 および 43
は以前に Agonis spathulata Schauから，39はMelaleuca quinquenerviaから，40は Leptospermum
属の植物から単離されている化合物である．本プロポリス抽出物と Myrtaceae 科の Corymbia 
torelliana 果実のメタノール抽出物の HPLC 分析において，両抽出物のピークパターンが一
致したことから，これが起源植物であると結論付けられている．また，単離したこれら天然
物の黄色ブドウ球菌に対する抗菌活性が試験され，41 に比較的高い活性が認められた (MIC  
6.9 g/mL)． 
 
Figure 1-12. Flavanones isolated from propolis of Tetragonula carbonaria 
 
(4) da Cunha らによる単離・構造決定 30) 
Melipona acutellarisのプロポリスから大腸がん細胞に対する抗がん活性を指標に分離を行
った．その結果，活性成分としてクマリン型化合物 6 種(44–49)と nemorosone (50)を単離し
ている．これらはいずれも Guttiferae 科の Kielmeyera 属から単離された既知物であった
(Figure 1-13)． 
 




















が認められた．ハリナシミツバチプロポリスの n-ヘキサン抽出液 (124 g)に最も高い活性が
見られたため，以後このフラクションの分離精製を進めた．以降の分離スキームは Scheme 
1-1 に示す．n-ヘキサン抽出物 (33.13 g)を順相のフラッシュカラムクロマトグラフィー(n-ヘ
キサン–CH2Cl2)により精製し，8 つのフラクションに分画した(F-1～8)．このうち最も活性
の高い F-5 は 2.5 g で阻止円が形成された．TLC にて類似の結果であった F-4～F-6 (4.77 g)
を合わせて再度，順相のフラッシュカラム（n-ヘキサン–Et2O）に付し，8 つのフラクション
（F-5-1～8）に分画した．このうち F-5-4 が最も活性が高く，1.25 g で阻止円の形成が観測
された．次いで，F5-4 を順相の HPLC（TSKgel® Silica-150 300×21.5 mm, n-ヘキサン/酢酸エ
チル= 93:7 (v/v)にて 17 のフラクションに分画した．分取した各フラクションの抗菌活性試







Scheme 1-1. Separation scheme for n-hexane fraction of T. carbonaria propolis 
 
F-5-4-6 に含まれる成分は当初，立体異性体の混合物と予想された．そこでキラルカラム
(CHIRALPAK® IA 250×10 mm, n-ヘキサン/酢酸エチル= 95:5 (v/v))を用いた HPLC にて分離を




Figure 1-14. Chiral HPLC chromatogram of F-5-4-6 
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テトラゴカルボン A の構造解析 
構造解析以降は著者が行った．まず主として得られた F-5-4-6-1 の構造解析に着手した．
F-5-4-6-1 の 1H NMR において，ほとんどのシグナルが 2.5 ppm より高磁場に密集して観測
された．その中には 6 本のメチルシグナルとともに，アセチル基由来の 1 本のメチルシグ
ナルが含まれていた．5.2 ppm 付近には特徴的な 2 本のシングレットが観測されるととも
に，芳香族領域に桂皮酸由来と思われるシグナルが観測された(Figure 1-15)．13C NMR スペ
クトルでは，24 本のシグナルが観測された．低磁場領域には 1 本のカルボニル基( 216.1 
ppm)ならびに 2 本のエステルカルボニル( 170.7, 166.0 ppm)が，150–110 ppm には桂皮酸由
来のシグナル( 146.3, 134.2, 130.6, 128.9, 128.3, 117.1 ppm)が見られた．80 ppm 付近には 3
本のシグナル( 79.8, 79.2, 79.1 ppm)が見られた．50 ppm より高磁場には炭化水素由来の 12
本のシグナル( 47.7, 39.4, 34.3, 31.1, 28.3, 27.0, 23.7, 22.6, 22.4, 21.9, 20.8, 20.6 ppm)が観測さ
れた(Figure 1-16)． 
 




Figure 1-16. 13C NMR spectrum of F-5-4-6-1 (150 MHz, CDCl3) 
 
二次元 NMR の解析結果を Figure 1-17 に示す．本天然物は COSY の解析結果からプレニ
ル基を含むことが示唆された．しかしプレニル基と桂皮酸ユニットを除いてはカップリン
グによる情報がなく，隣接位に水素が存在しない構造をもつと考えられた．HMQC の解析
結果から 5.0–5.5ppm 付近の 2 つのプロトンは 13C NMR における 80 ppm 付近のシグナルと
相関が見られたことから，オキシメチンプロトンと考えられた．この 2 つのオキシメチンプ
ロトンは 3 つのカルボニル基との HMBC 相関から，それぞれ桂皮酸エステルとアセチルオ
キシ基の位に位置し，かつシクロヘキサノンの 3,5 位に存在すると推定した．さらに，2,4,6








Figure 1-17. Proposed structure and HMBC correlations of tetragocarbone A 
 
NMR から導き出した推定構造は分子内に 3 つの不斉中心を含んでいることから，天然物





Figure 1-18. Possible stereoisomers of tetragocarbone A 
 
テトラゴカルボン B の構造解析 
F-5-4-6-2 とテトラゴカルボン A の 1H NMR を比較したところ，非常に近いスペクトルパ








Figure 1-19. 1H NMR spectrum of F-5-4-6-2 (600 MHz, CDCl3) 
 
Figure 1-20. 13C NMR spectrum of F-5-4-6-2 (150 MHz, CDCl3) 
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二次元 NMR からはテトラゴカルボン A とメチレン側鎖が異なる以外は同様の結果が得
られた．一次元，二次元 NMR の結果から，F-5-4-6-2 はテトラゴカルボン A より一炭素少
ないイソブチル基をもつ構造と推定し，テトラゴカルボン B と命名した(Figure 1-21)．テト
ラゴカルボン B は A と同様，MS スペクトルにて分子イオンピークが観測されなかった．
また，立体化学についても NOESY 相関から決定的な情報が得られなかった．天然から得ら
れたテトラゴカルボン A および B は微量かつ，結晶化しなかったことから，これら天然物
の合成による立体化学の決定を試みることとした． 
 





ケチドに分類される(Figure 1-22)．32)このカテゴリーに分類される天然物はおよそ 25 種が単














(1) Syncarpic acid 55 の合成 
55 は 1960 年に Taylor らによって Myrtaceae 科植物の Syncarpia laurifolia から単離された





が報告されている．Roland らはシクロブタンジオン 65 を出発原料とし，NaOMe による開
環と TMS 化により 66 へと導いた．これに ZnCl2の存在下，AcCl を作用させ，67 を得てい
る．最後に NaOH により閉環し，55 を 3 段階，66％収率で得ている．40)一方，Jauch らはま
ず，フロログルシノール 68 を C-アセチル化し，69 を得た．その後，NaOMe の存在下，ヨ
ウ化メチルと反応させテトラメチル体 70 へと導いた．70 は塩酸にて脱アセチル化すること
で，3 段階，57％で 55 へと変換している．41) 
 
Scheme 1-2. (a) NaOMe then TMSCl, THF, 89%; (b) AcCl, ZnCl2, CH2Cl2, 78%: (c) NaOH, DMSO, 
95%; (d) AcCl, AlCl3, nitrobenzene/CS2, reflux, 70%; (e) MeI, NaOMe, MeOH, reflux, 12 h, 85%; (f) 
2N HCl, reflux, 4 h, 95%. 
 
(2) テトラケトン型天然物の合成 
Flavesone (56)，leptospermone (57)，isoleptospermone (58)はオーストラリアに生息する
Leptospermum scoparium から単離された化合物である．42)この植物は別名マヌカとも呼ばれ
ている．マヌカを起源とする蜂蜜はマヌカハニーとして重宝されており，抗菌活性をはじめ
様々な生理活性が報告されている．43)Grandiflorone (59)44)は Leptospermum flavescens から，









Scheme 1-3. (a) RCOOH, AlCl3, POCl3, neat, 50 °C, 40 h, 40–54%; (b) MeI, NaOMe, MeOH, reflux, 
3 h, 70–85%. 
 
(3) Desmosdumotin C (61)の合成 
 Desmosdumotin C (61)は 2002 年に Wu らによって Annonaceae 科の Desmos dumosus から単
離された化合物で X 線により構造決定された．46)骨がん細胞をはじめ様々ながん細胞に対
して細胞毒性を示すことが報告されている（ED50 2.5–6.5 g/mL ）．47)Lee らはアセチルフロ
ログルシノール 69 を 3.3 当量のヨウ化メチルにてトリメチル化することで，56％収率で 71
を得ている．48)この際 9％でテトラメチル体 72 が副生している．分離した 71 を TMS ジア
ゾメタンにて O-メチル化し，73 へと変換した．KOH の存在下，73 とベンズアルデヒドを
反応させることで 61 の合成を達成している． 
 
Scheme 1-4. (a) MeI, NaOMe, MeOH, reflux, 7 h, 56%; (b) TMSCHN2, AcOEt/MeOH, −78 °C, 3 h, 
88%; (c) PhCHO, 50% KOH aq., EtOH, rt, 23 h, 78%. 
 
(4) G-regulator の合成 
G-regulator 類 (62–64)は 1976 年に Crow らによって Eucalyptus grandis から単離された化
合物である．49)これら天然物は植物の成長に深く関わっており，低濃度で子葉や根の伸張を
促進し，高濃度では抑制に働く．50)また，強い抗マラリア活性（IC50 20 M）を示すなど興
味深い生物活性を有している．51)Crow らは 55 を出発原料として 4 工程で 62 の全合成を達
成している．52)まず，マンニッヒ反応により 55 にイソブチル基を導入した 74 へと導いた．
これを p-TsOH で処理することでアルキリデン 75 へと変換した．75 をベンゼン中加熱還流





Scheme 1-5. (a) isobutyraldehyde, pyrrolidine, Et2O, rt, 10 min, 99%; (b) p-TsOH, CH2Cl2, rt, 10 min, 
95%; (c) benzene, reflux, 1 h, quant.; (d) O2, benzene, rt, 30 min. 
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らテトラゴカルボン A および B を単離し，著者がそれら天然物の平面構造式を導いたこと
を述べた．二章ではそれら天然物の合成と立体化学の決定について述べる．まず，テトラゴ
カルボン A の相対立体化学の決定に着手した．先にも述べたように，テトラゴカルボン類
は分子内に 3 つの不斉中心を含むため，ラセミ体での合成を考えると 4 つの可能な立体異
性体が存在する(Figure 2-1)．以降，説明の都合上，桂皮酸エステルの結合する位置を 1 位，
アセチルオキシ基を 3 位，3 級水酸基を 6 位として 1,3-トランス, 1,6-トランス体(1a)，1,3-ト



















へ導けると考えた(Scheme 2-1)．  
 
Scheme 2-1. Synthetic plan for stereoisomers of rac-tetragocarbone A  
 
トリケトン 78 の合成 
共通中間体である 77 はトリケトン 78 から合成できると考えた．そのため，78 の効率的
な合成法の開発が必要であった．第一章で述べたモノメリックフロログルシノール類の合
成例を参考に，3 つの合成経路を計画した(Scheme 2-2)．ルート A は 51 から 3 段階で誘導で
きる 551)の直接的なアルキル化を用いる方法である．本ルートは 55 を足がかりとして，側
鎖の異なる類縁体への応用が可能と考えられた．ルート B は Crow ら 2)によって報告されて
いるマンニッヒ反応を経て得られるアルキリデン 79 の還元により 78 へ導く方法である．
ルート C はテトラケトン 57 の位置選択的な還元を用いる方法である．van Klink らの方法 3)
28 
 
によれば，51 から 2 段階で天然物である leptospermone (57)へと導くことが可能である．57
の 4 つのカルボニル基のうち，側鎖上のカルボニル基のみを位置選択的に還元できれば 51
から 3 工程で 78 が得られると考えた．78 からは数段階で 77 へ導けると予想した．そこで
まず，78 の合成を検討した． 
 
Scheme 2-2. Synthetic plans for common intermediate 77 
 
(1) ルート A による 78 の合成 
まず，Jauch らの方法 1)に従って 51 から 3 段階，48%収率で 55 を合成し，これに対して
直接的なアルキル化を検討した．炭酸カリウムの存在下，求電子剤としてプレニルブロミド，
プレニルヨーダイドおよびイソペンテニルブロミドを用いてアルキル化を試みた．結果，全
ての条件で O-アルキル化体（80 もしくは 81）を主生成物として与えた(Table 2-1)．また，
アセトン溶媒中，イソペンテニルブロミドを用いた場合，マイナー成分として C,C-ジアル














た．55 を O-アリル化して 83 を合成し，これを 180 °C に加熱した．その結果，主生成物と
して 2 環性のエノールエーテル 85 が生成し，望む転位体 84 は 10%，その他，シクロプロ
パン体 86 が 9%収率で得られた（Scheme 2-3 上段）．田村ら 4)は，イソペンテニル基をもつ
基質 87 を加熱すると，クライゼン転位に続くシクロプロパン体 88 を経由してエノールエ









ールをアセチル保護する反応を試みた．その結果，低収率ながら 33%で転位体 90 を得るこ
とができた．90 は 2-メチル-2-ブテンとのオレフィンメタセシスにより 91 へと変換後，接




Scheme 2-4. (a) Ac2O, 150 °C, 29 h, 33%; (b) 2-methyl-2-butene, Grubbs 2nd catalyst, rt, 1 h; (c) H2, 




(2) ルート B による 78 の合成 
本ルートはクライゼン転位を経るルートよりも短段階で 78 に導けるものと予想された．
79 は Crow らの方法 2)を参考に，イソバレルアルデヒドによるマンニッヒ反応と酸処理の 2
段階にて合成した．79 を Pd/C にて接触還元すると，カルボニル基が除去された 94 が定量
的に得られることがわかった．これはエノールの還元による 2 級アルコールの生成と脱水
を経て得られたものと推定している．5)その後，種々還元条件を検討した結果，NaBH3CN に
て 58%収率で 78 を得ることができた．本ルートは 55 から 3 段階，40％収率で合成できた． 
 
Scheme 2-5. (a) isovaleraldehyde, pyrrolidine, Et2O, 5 °C, 10 min, 76%; (b) p-TsOH·H2O, CH2Cl2, 
rt, 10 min, 91%; (c) H2, Pd/C, MeOH, rt, 18 h, quant.; (d) NaBH3CN, AcOH, rt, 18 h, 58%. 
 
(3) ルート C による 78 の合成 
まず BF3·OEt2を溶媒兼ルイス酸として用い 6)，51 をアシル化して 95 に変換した．これを
テトラメチル化し，70%収率でテトラケトン 57 へと導いた．側鎖カルボニル基の位置選択
的な還元は Pashkovsky らの条件 7)を改良することで達成し，目的とするトリケトン 78 を 51
から 3 段階，22％収率で合成することができた．本ルートの各反応は比較的きれいに進行
し，精製なしで次の反応に供することができた．また 78 の再結晶により純品を得ることが
可能であった．これにより，グラムスケールで 78 を得ることができた． 
 
Scheme 2-6. (a) isovaleryl chloride, BF3･OEt2, rt, 39 h, 70%; (b) MeI, NaOMe, MeOH, reflux, 20 h, 




78 の 3 つの合成経路を Scheme 2-7 にまとめた．直接的なアルキル化を用いるルート A で
は O-アルキル化が起こり，78 は得られなかった．この結果を踏まえて行った改良 A ルート
では 55 からアリル化，クライゼン転位を経て 90 へと変換した後，オレフィンメタセシス，
接触水素化，脱アセチル化の計 5 段階により 78 へと導いた．51 からの収率は 7%であった．
ルート B ではマンニッヒ反応と酸処理にて 79 へと導き，これをヒドリド還元を行うことで
51 から 6 段階，19％で 78 へと変換した．ルート C では 51 のアシル化とテトラメチル化に
て 57 へと導いたのち，側鎖カルボニル基の位置選択的還元により，3 段階，22％収率で 78
へと変換することができた．本ルートはカラム精製の必要がなく，グラムスケールでの合成
が容易であった．以上の結果から，78 の合成には最も短工程かつ簡便なルート C を採用し
た． 
 
Scheme 2-7. Summary of synthetic route for 78 
 
不飽和ケトン 77 への変換 





の変換に切り替えた．77 を塩化オキサリルによりクロロ体 97 へと導き，これを NaOMe で
処理することで，安全かつ大量に 96 を得ることができた．続いて 96 を過剰の DIBAL と反
応させた後，塩酸で処理して共通中間体である不飽和ケトン 77 へと導いた．  
 
Scheme 2-8. (a) CH2N2, Et2O/MeOH, rt, 93%; (b) (COCl)2, DMF, toluene, 90 °C, 1 h; (c) NaOMe, 




択的還元を検討した．まず，1,3-トランス体 2 種の合成を試みた．77 を NaBH4または DIBAL
















Table 2-2. Hydride reduction of 77 
 
 
Scheme 2-9. (a) LiAlH4, THF, rt, 30 min, 56%. 
 
99 から目的物を合成するためには，1 位に桂皮酸，3 位にアセチル基をそれぞれ位置選択
的に導入する必要があった．当初 99 のアシル化は立体的に空いた 1 位の水酸基で選択的に
進行すると予想したが，実際には 3 位もかなりアシル化されることが判明した．1.2 当量の
ホスホノ酢酸 1008)を用いたときに最も良い結果が得られ，47%収率で目的の 101 を得た．
この際，31%で原料を回収するとともに，7%の 3 位アシル化体 102 と 11%のジアシル化体






得られた 101 の残る水酸基をアセチル化してジエステル 104 へと誘導した．104 をオスミ
ウム酸化の後，ホーナ ・ーワズワース・エモンズ(HWE)反応により桂皮酸を構築したところ，
2 種のジオール 105 と 106 がほぼ 1:1 の混合物として得られた．これらはシリカゲルカラム
クロマトにて分離可能であった．そのうち 105 からは単結晶が得られ，X 線結晶構造解析の
結果，1,6-トランス体であることを確認した．これによりオスミウム酸化～HWE 反応でと
もに生成した 106 を 1,6-シス体と決定することができた．これらは 1-Me-AZADO あるいは
SO3·ピリジンにて酸化し，1,3-トランス体 1a および 1b へと変換した(Scheme 2-11)． 
 
Scheme 2-11. (a) AcOH, EDCI, DMAP, CH2Cl2, rt, 14 h, quant.; (b) OsO4, pyridine, 40 °C, 21 h; (c) 
benzaldehyde, DBU, LiCl, CH3CN, rt, 24 h, 105 (29% in 2 steps), 106 (30% in 2 steps); (d) 1-Me-
AZADO, NaOCl, KBr, CH2Cl2/5% NaHCO3 aq., 5 °C, 2 h, 94%; (e) SO3·pyridine, DMSO, i-Pr2NEt, 
CH2Cl2, rt, 4 h, 75%. 
 
1,3-シス体（1c, 1d）の合成 
次いで 1,3-シス体の 2 種の合成を行った．先の 1,3-トランスジオール 99 のモノアシル化







そこで予め 77 の水酸基をアセチル化して 107 へと変換した．これを NaBH4にて還元した
ところ，立体選択的に望むシスジオール 108 を得ることができた．この立体選択性は 107a
におけるより立体的に空いた下面から還元が進行したためと推定された．108 がシス体であ
ることは，加水分解によりシスジオール 98 が生成することで確認した．なお，107 を基質
として用い，種々のトランス選択的還元も試みたが，いずれも失敗に終わった．その後，108
の残る水酸基にホスホノ酢酸を導入し，ジエステル 109 へと導いた．これを 1,3-トランス体
合成と同様にオスミウム酸化，HWE 反応によりジオール 110，111 へと変換した．111 は X
線結晶構造解析により 1,6-シス体であることが判明したことから，もう一方の 110 を 1,6-ト





Scheme 2-13. (a) Ac2O, pyridine, 40 °C, 21 h, quant.; (b) NaBH4, MeOH, rt, 30 min, 94%; (c) 100, 
EDCI, DMAP, CH2Cl2, rt, 12 h, 48%; (d) OsO4, pyridine, 40 °C, 12 h; (e) benzaldehyde, DBU, LiCl, 
CH3CN, rt, 16 h, 110 (13% in 2 steps), 111 (22% in 2 steps); (f) 1-Me-AZADO, NaOCl, KBr, 
CH2Cl2/5% NaHCO3 aq., 5 °C, 2 h, 83%; (g) SO3·pyridine, DMSO, i-Pr2NEt, CH2Cl2, rt, 4 h, 75%. 
 
天然由来のテトラゴカルボン A と Figure 2-2 に示す 4 種の合成品の 1H NMR スペクトル
を比較すると，1,3-トランス, 1,6-トランス体 1a が天然物と一致した(Figure 2-3)．1a は前駆
体 105 の X 線結晶構造解析により確実に構造決定されたものである．また，4 つの合成品は




化学を 1,3-トランス, 1,6-トランス体 1a であると結論付けた． 
 










Figure 2-3. Comparison of 1H NMR spectra between natural tetragocarbone A and synthetic samples 
(1a–1d) (600 MHz, CDCl3) 
Tetragocarbone A (natural sample) 
1,3-trans, 1,6-trans (1a) 
 
1,3-trans, 1,6-cis (1b) 
1,3-cis, 1,6-trans (1c) 
1,3-cis, 1,6-cis (1d) 
40 
 
テトラゴカルボン B の立体異性体の合成と相対立体化学の決定 
 第一章で述べたように，テトラゴカルボン B は A とメチレン鎖が異なる以外はほぼ同じ
スペクトルパターンを示した．この事実から，テトラゴカルボン B の立体化学は A と同じ，
1,3-トランス, 1,6-トランス体 2a と予想した(Figure 2-4)． 
 
Figure 2-4. Possible stereoisomers of tetragocarbone B 
 
より確実な構造決定のため，テトラゴカルボン A にて確立した合成経路に従い，テトラ
ゴカルボン B の 4 種の立体異性体の合成を行った．まず側鎖をイソブチル基に切り替え，
51 から 6 段階を経て不飽和ケトン 117 へ導いた(Scheme 2-14)． 
 
Scheme 2-14. (a) isobutyryl chloride, BF3･OEt2, rt, 72 h, 89%; (b) MeI, NaOMe, MeOH, reflux, 18 
h, 71%; (c) NaBH3CN, AcOH, rt, 20 h, 39%; (d) (COCl)2, DMF, toluene, 90 °C, 30 min, 73%; (e) 
NaOMe, MeOH, 45 °C, 15 h, 75%; (f) DIBAL, toluene, rt, 2 h then 3N HCl, 75 °C, 1.5 h, quant. 
 
117 を LiAlH4にて還元したところ，テトラゴカルボン A の場合とほぼ同様の dr (3:1)でト
ランスジオール 118 が得られた．その後，1 位水酸基へのホスホノ酢酸の導入，3 位水酸基
のアセチル化を経てジエステル 122 を得た．これに対してオスミウム酸化，HWE 反応，2




Scheme 2-15. (a) LiAlH4, THF, rt, 3 h, 49% (dr = 3:1); (b) 100, EDCI, DMAP, CH2Cl2, rt, 16 h, 119 
(32%), 120 (10%), 121 (6%), 118 (35%); (c) AcOH, EDCI, DMAP, CH2Cl2, rt, 13 h, 77%; (d) OsO4, 
pyridine, 50 °C, 23 h; (e) benzaldehyde, DBU, LiCl, CH3CN, rt, 16 h, 123 (6% in 2 steps), 124 (22% 
in 2 steps); (f) 1-Me-AZADO, NaOCl, KBr, CH2Cl2/5% NaHCO3 aq., 5 °C, 30 min, 60%; (g) 
SO3·pyridine, DMSO, i-Pr2NEt, CH2Cl2, rt, 6 h, 22%. 
 
1,3-シス体 2c, 2d への変換は 117 のアセチル化より開始した．得られた 125 を NaBH4にて
シス選択的に還元した後，ホスホノ酢酸を導入してジエステル 127 へと変換した．その後，





Scheme 2-16. (a) Ac2O, pyridine, 40 °C, 21 h, quant.; (b) NaBH4, MeOH, rt, 10 min, 80%; (c) 100, 
EDC, DMAP, CH2Cl2, rt, 24 h, 27% (44% brsm); (d) OsO4, pyridine, 55 °C, 20 h; (e) benzaldehyde, 
DBU, LiCl, CH3CN, rt, 15 h, 128 (16% in 2 steps), 129 (11% in 2 steps); (f) 1-Me-AZADO, NaOCl, 
KBr, CH2Cl2/5% NaHCO3 aq., 5 °C, 30 min, 48%; (g) SO3·pyridine, DMSO, i-Pr2NEt, CH2Cl2, reflux, 
8 h, 33%. 
 
合成した 2a–2d の立体化学は，1H NMR においてオキシメチンプロトン領域が Figure 2-3
に示す 1a–1d のそれと高い相同性を示したことから推定した．天然由来のテトラゴカルボ
ン B と 4 つの合成品(2a–2d)の 1H NMR を比較したところ，当初の予想通り，1,3-トランス，
1,6-トランス体 2a が天然物と良い一致を示した(Figure 2-5)．これによりテトラゴカルボン 













Figure 2-5. Comparison of 1H NMR spectra between natural tetragocarbone B and synthetic samples 
(2a–2d) (600 MHz, CDCl3) 
Tetragocarbone B (natural sample) 
1,3-trans, 1,6-trans (2a) 
 
1,3-trans, 1,6-cis (2b) 
1,3-cis, 1,6-trans (2c) 





 これまでの検討からテトラゴカルボン A, B の相対立体化学をそれぞれ 1,3-トランス，1,6-
トランス体と決定した．次にこれら天然物の絶対立体化学の決定に取り組んだ．絶対立体化




る．9)そこで，著者は最も確実な X 線による立体化学の決定を試みた． 
 テトラゴカルボン A の合成品をキラルカラムを備えた HPLC により光学分割し，光学活
性体それぞれの単結晶調製を試みたが，結晶化しなかった．そこで，先の天然物前駆体 105
から単結晶が得られた点に着目した．まず，キラル HPLC にて 105 を光学分割した．それぞ
れの光学活性体は固体であったものの，X 線測定に適した結晶が得られなかったため，結晶
性の向上を狙い，それぞれを p-ブロモベンゾエート 130a, 130b へと導いた．両者とも結晶
性がよく，アセトニトリルから再結晶することで，単結晶を得ることができた．これらの X
線結晶構造解析により，先に溶出した 105a を 1S, 3S, 5S, 6R，後に溶出した 105b をそのエナ
ンチオマーと決定した(Figure 2-6)． 
 
Figure 2-6. Absolute structure determination of enantiomers of 130a and 130b. (a) Optical 
resolution of natural product precursor 105 by chiral HPLC (b) conversion of each enantiomer to 
benzoate 130a, 130b (c) ORTEP views of their benzoate 
45 
 
 立体化学の決定した 105 の光学活性体をそれぞれ 1-Me-AZADO により酸化して，光学活
性天然物へと導いた(Scheme 2-17)．両者をキラル HPLC にて分析したところ，(−)体が先に，
(+)体が後に溶出した．天然由来のテトラゴカルボン A を同条件下で分析したところ，(−)体




Scheme 2-17. Oxidation reaction of each enantiomer 105a and 105b to (−)-tetragocarbone A and 





(A) Synthetic enantiomers of tetragocarbone A 
 
 
(B) Natural tetragocarbone A 
 
Figure 2-7. HPLC analyses for (A) synthetic enantiomers of tetragocarobone A and (B) natural 
tetragocarbone A 
 







(A) Synthetic rac-tetragocarbone B 
 
(B) Natural tetragocarbone B 
 













Scheme 2-18.  
 
これらの課題を解決するため，効率性に重点を置いた新たな合成計画を立てた(Scheme 2-
19)．Scheme 2-13 で示した様に，不飽和ケトン 107 の還元により，立体選択的かつ高収率で
1,3-シスジオール 108 が得られることがわかっている．108 のジアステレオ選択的なジヒド
ロキシル化により，オールシスの立体化学をもつトリオール 131 に導く．これの二級水酸基
を酸化して対称ジケトン 132 へと導いた後，3 級水酸基のダイレクティング効果を利用し
て，上面から片方のケトンを還元することで効率的に立体制御できると考えた． 
 





リジン溶媒中，化学両論量の OsO4 と作用させるとケトン体 134 が主成分として得られた．
その他，21％のトランス体 133 が得られ，望むオールシス体 131 はマイナー成分であった
(Scheme 2-20)．134 が得られた原因については不明であるが，ジヒドロキシル化におけるジ
アステレオ選択性は低いことがわかった． 
Scheme 2-20.  
 
立体選択性を逆転させるため，水酸基のダイレクティング効果によるジヒドロキシル化




とから，Donohoe らは TMEDA と OsO4のコンプレックスが 2 級水酸基とキレーションして
酸化が進行したと推定している(Scheme 2-21)．  
Scheme 2-21.  
 
そこで 108 を Donohoe らの条件に付すと，水酸基と同じ側から酸化が進行した 131 を単




Scheme 2-22.  
 
その後 131 を AZADO により対称ジケトン 132 へと酸化した．これに対してダイレクテ
ィング効果による還元が起こることが知られている NaBH(OAc)3を反応させたところ，一方
のケトンのみが還元されたトランスジオール 138 を定量的に得ることができた．138 は椎名
エステル化を適用することで 12 段階，全収率 11.1％で 300mg 以上のテトラゴカルボン A を
合成することができた(Scheme 2-23)． 
 
Scheme 2-23. (a) AZADO, NaOCl, KBr, CH2Cl2/5% NaHCO3 aq., 5 °C, 30 min; (b) NaBH(OAc)3, 
THF, rt, 18 h; (c) cinnamic acid, MNBA, Et3N, DMAP, CH2Cl2, rt, 20 h, 76% (3 steps). 
 
次いで本合成法をテトラゴカルボン B の合成に適用した(Scheme 2-24)．イソブチル側鎖
をもつ 125 から出発し，ジアステレオ選択的なジヒドロキシル化により単一のジアステレ
オマーとして 139 へと変換した．2 級水酸基の酸化を経て対称ジケトン 140 へと誘導した．








Scheme 2-24. (a) OsO4, TMEDA, CH2Cl2, −78 °C to rt, 21 h, 80%; (b) AZADO, NaOCl, KBr, 
CH2Cl2/5% NaHCO3 aq., 5 °C, 1 h, 76%; (c) NaBH(OAc)3, THF, rt, 19 h, trace. 
 
2-4  抗菌活性試験 
 
 合成品を用いてアメリカ腐蛆病菌に対する抗菌活性試験を行った．試験には天然と同じ
絶対配置をもつ(−)-テトラゴカルボン A とそのエナンチオマー，テトラゴカルボン B のラ
セミ体を用いた．ポジティブコントロールとしてアメリカ腐蛆病の予防に用いられている
ミロサマイシン 3 およびテトラサイクリンを用いた．その結果，3 やテトラサイクリンに強
い抗菌活性が見られたのに対し，テトラゴカルボン A, B ともに活性は認められなかった












Figure 2-10. Structures of tetragocarbone A and B as natural products 
 
 フロログルシノール 51 から共通中間体である不飽和ケトン 77 へと導き，テトラゴカル
ボン A，B の 4 つの可能な立体異性体を合成した．天然物と合成品の NMR データの比較に
より A，B の相対立体化学を 1,3-トランス，1,6-トランス体と決定した．また，テトラゴカ









All reagents and solvents were purchased from either Aldrich Chemical Company, Inc., 
Kanto Kagaku Co., Inc., Merck & Co., Inc., Nacalai Tesque Company, Ltd., Peptide Institute, Tokyo 
Kasei Kogyo Co., Ltd., or Wako Pure Chemical Industries, Ltd., and used without further purification 
unless otherwise indicated. Dichloromethane (CH2Cl2) was distilled from phosphoric pentaoxide 
(P2O5). Methanol (MeOH) was distilled from magnesium turning and iodine. Tetrahydrofuran (THF), 
toluene, acetonitrile (CH3CN), pyridine, and dimethylformamide (DMF) of anhydrous grade were 
used. Optical rotations were taken on a JASCO P-1030 polarimeter with a sodium lamp (D line). 
Melting points were determined with a Yanaco MP-21 melting point apparatus and were uncorrected. 
FTIR spectra were measured on a JASCO FT/IR-6200 infrared spectrophotometer. 1H NMR spectra 
were recorded on an either Bruker AVANCE 300 (300 MHz) or Bruker AVANCE 600 (600 MHz) 
spectrometer. Chemical shifts of 1H NMR were reported in parts per million (ppm, ) relative to CHCl3 
( = 7.26) in CDCl3 or CHD2OD ( = 3.30) in CD3OD or C6HD5 ( = 7.15) in C6D6. 13C NMR spectra 
were recorded on an either Bruker AVANCE 300 (75 MHz) or Bruker AVANCE 600 (150 MHz) 
spectrometer. Chemical shifts of 13C NMR were reported in ppm () relative to CHCl3 ( = 77.0) in 
CDCl3 or CHD2OD ( = 49.7) in CD3OD or C6HD5 ( = 128.0) in C6D6. High resolution mass spectra 
(HRMS) were obtained on an either JEOL JMS-AX500 for fast atom bombardment ionization (FAB) 
and electron impact (EI) or Bruker solariX XR (9.4T) for electrospray ionization (ESI), atmospheric 
pressure chemical ionization (APCI), and matrix assisted laser desorption / ionization (MALDI). -
CHCA was used as matrix for MALDI analysis. X-ray diffraction data were collected on a Rigaku 
AFC-7/CCD Mercury diffractometer equipped with a Mo K radiation (.71070 Å). All reactions 
were monitored by thin layer chromatography (TLC), which was performed with precoated plates 
(silica gel 60 F-254, 0.25 mm thickness, manufactured by Merck). TLC visualization was 
accompanied using UV lamp (254 nm) or a charring solution (ethanoic phosphomolybdic acid). Daiso 
IR-60 1002W (40/63 m) was used for flash column chromatography on silica gel. Precoated plate 








To a solution of 551) (100 mg, 549 mol) in acetone (5.0 mL) were added K2CO3 (83.0 mg, 
601 mol) and isopentyl bromide (71 L, 593 mol) at room temperature. The mixture was stirred for 
24 h. The mixture was concentrated under reduced pressure. The residue was added to water (10 mL), 
and extracted with AcOEt (10 mL × 1). The organic layer was dried over anhydrous MgSO4 and 
filtered. The filtrate was concentrated under reduced pressure to give 80 (64.0 mg, 46%) as a brown 
oil; FTIR (neat) 2957, 2872, 1715, 1656, 1609, 1472, 1378, 1349, 1234, 1180, 1043 cm−1; 1H NMR 
(300 MHz, CDCl3) δ 5.46 (s, 1 H), 3.91 (t, J = 6.3 Hz, 2 H), 1.75 (m, 1 H), 1.64 (q, J = 6.3 Hz, 2 H), 
1.35 (s, 6 H), 1.29 (s, 6 H), 0.91 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 213.3, 199.4, 
177.7, 99.3, 67.6, 55.1, 48.1, 36.9, 25.0 × 3, 24.2 × 2, 22.3 × 2; HRMS (ESI) m/z (M+H)+ calcd for 




To a solution of 551) (100 mg, 549 mol) in DMF (5.0 mL) were added K2CO3 (83.0 mg, 
601 mol) and 1-bromo-3-methyl-2-butene (68 L, 589 mol) at room temperature. The mixture was 
stirred for 2 h at room temperature. The mixture was quenched with water (30 mL), and extracted with 
toluene (20 mL × 1). The organic layer was washed with water (20 mL × 1), dried over anhydrous 
MgSO4 and filtered. The filtrate was concentrated under reduced pressure to give 81 (50.0 mg, 36%); 
FTIR (neat) 2981, 2940, 1715, 1654, 1608, 1472, 1380, 1173, 1044 cm−1; 1H NMR (300 MHz, CDCl3) 
δ 5.49 (s, 1 H), 5.39 (m, 1 H), 4.44 (d, J = 6.9 Hz, 2 H), 1.79 (s, 3 H), 1.70 (s, 3 H), 1.38 (s, 6 H), 1.33 
(s, 6 H); 13C NMR (75 MHz, CDCl3) δ 213.5, 199.5, 177.7, 139.8, 117.6, 99.7, 66.0, 55.2, 48.2, 25.7, 







To a solution of 551) (100 mg, 549 mol) in acetone (5.0 mL) were added K2CO3 (83.0 mg, 
601 mol) and 1-bromo-3-methyl-2-butene (68 L, 589 mol) at room temperature. The mixture was 
stirred for 2 h. The mixture was quenched with water (30 mL), and extracted with toluene (20 mL × 
2). The combined organic layers were washed with water (15 mL × 1), dried over anhydrous MgSO4 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by 
preparative TLC on silica gel (hexane/AcOEt = 15:1) to give 82 (20.0 mg, 11%) as a colorless oil; 
FTIR (neat) 2963, 1699, 1260, 1088, 1017, 797 cm−1; 1H NMR (300 MHz, CDCl3) δ 4.81 (m, 2 H), 
2.46 (d, J = 7.2 Hz, 4 H), 1.63 (d, J = 1.2 Hz, 6 H), 1.57 (d, J = 0.6 Hz, 6 H), 1.32 (s, 12 H); 13C NMR 
(75 MHz, CDCl3) δ 209.7 × 3, 136.1 × 2, 117.7 × 2, 77.2, 57.4 × 2, 34.3 × 2, 25.9 × 2, 24.0 × 4, 18.0 




To a solution of 551) (1.00 g, 5.49 mmol) in DMF (45 mL) were added LiOH (145 mg, 6.04 
mmol) and allyl bromide (500 L, 5.76 mmol) at room temperature. The mixture was stirred for 15 h, 
quenched with water (200 mL), and extracted with toluene (100 mL × 1, 50 mL × 1). The combined 
organic layers were washed with brine (40 mL × 1), dried over anhydrous MgSO4 and filtered. The 
filtrate was concentrated under reduced pressure. The residue was purified by flash chromatography 
on silica gel (hexane/AcOEt = 6:4) to give 83 (697 mg, 57%) as a colorless oil; FTIR (neat) 2983, 
2940, 1715, 1657, 1610, 1472, 1380, 1346, 1178, 1043, 979 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.97 
(dddd, J = 17.2, 10.6, 5.3, 5.3 Hz 1 H), 5.48 (s, 1 H), 5.40 (dq, J = 17.2, 1.4 Hz, 1 H), 5.33 (dq, J = 
10.6, 1.4 Hz, 1 H), 4.47 (dt, J = 5.3, 1.4 Hz, 2 H), 1.42 (s, 6 H), 1.33 (s, 6 H); 13C NMR (75 MHz, 
CDCl3) δ 213.2, 199.3, 177.0, 131.0, 118.8, 100.0, 69.5, 55.3, 48.2, 25.1 × 2, 24.3 × 2; HRMS (ESI) 
m/z (M−H)− calcd for [C13H18O3−H]− 221.1183, found 221.1183. 
 
6-Allyl-2,2,4,4-tetramethylcyclohexane-1,3,5-trione (84), 2,5,5,7,7-Pentamethyl-3,7-dihydroben-




83 (697 mg, 3.14 mmol) was heated to 180 °C, and keep the temperature for 4 h. Then the 
mixture was cooled to room temperature. The mixture was purified by flash chromatography on silica 
gel (hexane/AcOEt = 10:1 to 1:1) to give 84 (73.0 mg, 10%), 85 (372 mg, 53%), and 86 (65.0 mg, 
9%). 
 
84: 1H NMR (300 MHz, CDCl3) δ 5.82 (dddd, J = 17.2, 10.1, 6.2, 6.2, 1 H), 5.15 (dq, J = 17.2, 1.7 Hz, 
1 H), 5.07 (dq, J = 10.1, 1.7 Hz, 1 H), 3.21 (dt, J = 6.2, 1.7 Hz, 2 H), 1.41 (s, 6 H), 1.39 (s, 6 H). 
85: FTIR (neat) 2980, 2939, 2874, 1714, 1634, 1473, 1411, 1382, 1265, 1160, 1036, 843 cm−1; 1H 
NMR (300 MHz, CDCl3) δ 5.00 (m, 1 H), 3.04 (dd, J = 14.4, 9.9 Hz, 1 H), 2.51 (dd, J = 14.4, 6.9 Hz, 
1 H), 1.41 (d, J = 6.3 Hz, 3 H), 1.36 (s, 3 H), 1.35 (s, 3 H), 1.30 (s, 6 H); 13C NMR (75 MHz, CDCl3) 
δ 213.7, 194.9, 177.7, 109.6, 82.5, 54.9, 45.3, 33.6, 24.8, 24.3, 24.2, 24.1, 21.7. 
86: 1H NMR (300 MHz, CDCl3) δ 2.48 (m, 1 H), 1.96 (dd, J = 8.7, 3.0 Hz, 1 H), 1.68 (dd, J = 8.9, 3.0 
Hz, 1 H), 1.37 (s, 3 H), 1.33 (s, 3 H), 1.28 (s, 3 H), 1.22 (s, 3 H), 1.10 (d, J = 6.2 Hz, 3 H).  
 
2-Allyl-4,4,6,6-tetramethyl-3,5-dioxocyclohex-1-en-1-yl acetate (90) 
 
The mixture of 83 (508 mg, 2.29 mmol) and Ac2O (423 L, 4.47 mmol) in sealed tube was 
heated to 150 °C for 29 h. The mixture was cooled to room temperature, then concentrated under 
reduced pressure. The residure was purified by flash chromatography on silica gel (hexane/AcOEt = 
15:1) to give 90 (200 mg, 33%) as a yellow oil; FTIR (neat) 2983, 2943, 1773, 1720, 1674, 1652, 1469, 
1381, 1372, 1336, 1173, 1109, 1095, 1045, 1005, 870, 729 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.67 
(dddd, J = 17.2, 10.2, 6.4, 6.4 Hz, 1 H), 5.01 (dq, J = 17.2, 1.5 Hz, 1 H), 4.96 (dq, J = 10.2, 1.5 Hz, 1 
H), 2.93 (dt, J = 6.4, 1.5 Hz, 2 H), 2.25 (s, 3 H), 1.32 (s, 6 H), 1.30 (s, 6 H); 13C NMR (75 MHz, 
CDCl3) δ 210.8, 198.7, 167.2, 163.9, 133.6, 125.2, 116.3, 56.8, 48.7, 29.2, 24.8 × 2, 23.6 × 2, 20.5; 
HRMS (ESI) m/z (M+Na)+ calcd for [C15H20O4+Na]+ 287.1254, found 287.1253. This material was 




4,4,6,6-Tetramethyl-2-(3-methylbut-2-en-1-yl)-3,5-dioxocyclohex-1-en-1-yl acetate (91) 
 
To a solution of 90 (200 mg, 757 mol) in 2-methyl-2-butene (4.0 mL, 37.8 mmol) was 
added Grubbs 2nd catalyst (64.0 mg, 75.4 mol) at room temperature. The mixture was stirred for 1 
h. The mixture was filtered through a short plug of silica gel and eluted with AcOEt (10 mL). The 
filtrate was concentrated under reduced pressure to give 91 (221 mg, quant.) as a brown oil; FTIR 
(neat) 2983, 2937, 1771, 1719, 1674, 1648, 1467, 1380, 1333, 1186, 1155, 1091, 1047, 1003, 873, 727 
cm−1; 1H NMR (300 MHz, CDCl3) δ 4.92 (m, 1 H), 2.88 (m, 2 H), 2.25 (s, 3 H), 1.64 (s, 6 H), 1.33 (s, 
6 H), 1.30 (s, 6 H); 13C NMR (75 MHz, CDCl3) δ 211.1, 199.1, 167.1, 162.9, 133.2, 126.4, 119.6, 56.9, 
48.6, 25.6, 24.8 × 2, 24.3, 23.6 × 2, 20.5, 17.7; HRMS (ESI) m/z (M+H)+ calcd for [C17H24O4+H]+ 
293.1747, found 293.1747. This material was subjected to the next step without further purification. 
 
2-Isopentyl-4,4,6,6-tetramethyl-3,5-dioxocyclohex-1-en-1-yl acetate (92) 
 
To a solution of 91 (221 mg, 757 mol) in MeOH (10 mL) was added 10% Pd-C (50.0 mg) 
at room temperature. The mixture was stirred for 12 h under hydrogen using balloon, and filtered. The 
filtrate was concentrated under reduced pressure. The residue was purified by flash chromatography 
on silica gel (hexane/AcOEt = 15:1) to give 92 (174 mg, 78% in 2 steps) as a brown oil; FTIR (neat) 
2956, 2870, 1770, 1720, 1673, 1648, 1468, 1381, 1370, 1335, 1176, 1113, 1090, 1045, 1037, 1003, 
874, 726 cm−1; 1H NMR (300 MHz, CDCl3) δ 2.30 (s, 3 H), 2.15 (m, 2 H), 1.53 (m, 1 H), 1.36 (s, 6 
H), 1.33 (s, 6 H), 1.22 (m, 2 H), 0.89 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 211.2, 199.4, 
167.4, 162.9, 127.7, 57.0, 48.6, 36.2, 28.2, 24.9 × 2, 23.6 × 2, 23.2, 22.3 × 2, 20.5; HRMS (ESI) m/z 
(M+H)+ calcd for [C17H26O4+Na]+ 317.1723, found 317.1725. This material was subjected to the next 






To a solution of 92 (124 mg, 421 mol) in MeOH (3.0 mL) was added K2CO3 (116 mg, 839 
mol) at room temperature. The mixture was stirred for 12 h at room temperature, then concentrated 
under reduced pressure. The residue was added to water (30 mL), and acidified with 6N HCl. The 
mixture was extracted with AcOEt (30 mL × 1), dried over anhydrous MgSO4 and filtered. The filtrate 
was concentrated under reduced pressure to give 78 (105 mg, 99%) as a brown solid; FTIR (neat) 
3373, 2957, 2871, 1711, 1603, 1469, 1385, 1170, 1045, 911, 736 cm-1; 1H NMR (300 MHz, CDCl3) δ 
6.98 (brs, 1 H), 2.36 (m, 2 H), 1.55 (m, 1 H), 1.44 (s, 6 H), 1.32 (s, 6 H), 1.24 (m, 2 H), 0.90 (d, J = 
6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 213.3, 198.8, 170.6, 113.1, 55.1, 47.5, 37.5, 28.2, 24.9, 
24.5, 22.4 × 4, 20.8; HRMS (ESI) m/z (M−H)− calcd for [C15H24O3−H]− 251.1647, found 251.1652; 




To a solution of 55 (547 mg, 3.00 mmol) in Et2O (15 mL) were added pyrrolidine (300 L, 
3.65 mmol) and isovaleraldehyde (402 L, 3.66 mmol) at 5 °C. The mixture was stirred for 10 min. 
The generated solid was filtered, washed with cold Et2O (2 mL). The solid was dried at room 
temperature to give 93 (729 mg, 76%) as a brown solid; 1H NMR (300 MHz, CDCl3) δ 4.46 (dd, J = 
11.6, 3.3 Hz, 1 H), 3.56 (m, 1 H), 3.33 (m, 1 H), 3.01 (m, 1 H), 2.84 (m, 1 H), 2.24–1.92 (m, 6 H), 
1.45 (m, 1 H), 1.34 (s, 6 H), 1.33 (s, 6 H), 0.94 (d, J = 6.4 Hz, 3 H), 0.86 (d, J = 6.4 Hz, 3 H). This 




To a solution of 93 (729 mg, 2.27 mmol) in CH2Cl2 (10 mL) was added p-TsOH·H2O (453 
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mg, 2.38 mmol) at room temperature. The mixture was stirred for 10 min. The organic layer was 
washed with cold water (5 mL). The aqueous layer was separated, and extracted with CH2Cl2 (5 mL 
× 1). The combined organic layers were washed with cold water (5 mL × 3), dried over anhydrous 
MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give 79 (519 mg, 91%) 
as a brown oil; 1H NMR (300 MHz, CDCl3) δ 7.50 (t, J = 7.7 Hz, 1 H), 2.59 (dd, J = 7.7, 6.9 Hz, 2 H), 
1.88 (m, 1 H), 1.31 (s, 6 H), 1.30 (s, 6 H), 0.95 (d, J = 6.7 Hz, 6 H). This material was subjected to the 




To a solution of 79 (48.0 mg, 192 mol) in MeOH (5.0 mL) was added 10% Pd-C (20.0 mg) 
at room temperature. The mixture was stirred for 18 h under hydrogen using balloon, then filtered. 
The filtrate was concentrated under reduced pressure to give 94 (46.0 mg, quant.) as a colorless oil; 
FTIR (neat) 2958, 2871, 1723, 1696, 1471, 1386, 1367, 913 cm−1; 1H NMR (600 MHz, CD3OD) δ 
2.62 (m, 1 H), 1.94 (dd, J = 14.2, 5.8 Hz, 1 H), 1.88 (m, 1 H), 1.74 (dd, J = 14.2, 12.8 Hz, 1 H), 1.55 
(m, 1 H), 1.39 (m, 1 H), 1.27 (m, 1 H), 1.21 (s, 3 H), 1.20 (s, 3 H), 1.16 (s, 3 H), 1.15 (s, 3 H), 0.92 (d, 
J = 6.4 Hz, 3 H), 0.91 (d, J = 6.4 Hz, 3 H); 13C NMR (150 MHz, CD3OD) δ 218.5, 215.2, 59.6, 46.4, 
45.8, 39.8, 38.0, 30.8, 30.0, 27.9, 26.4, 24.6 × 2, 23.7, 23.5; HRMS (MALDI) m/z (M+Na)+ calcd for 
[C15H26O2+Na]+ 261.1825, found 261.1825. 
 
6-Isopentyl-2,2,4,4-tetramethylcyclohexane-1,3,5-trione (78) from 79 
 
To a solution of 79 (38.0 mg, 152 mol) in AcOH (2 mL) was added NaBH3CN (19.0 mg, 
302 mol) at room temperature. The mixture was stirred for 18 h, quenched with 1N HCl (5 mL), and 
etracted with toluene (3 mL × 2). The combined organic layers were washed with brine (2 mL), dried 
over anhydrous MgSO4 and filtered. The filtrate was concentrated under reduced pressure. The residue 







To a solution of 51 (51.0 g, 404 mmol) in BF3·Et2O (153 mL, 1.21 mol) was added isovaleryl 
chloride (49.8 mL, 408 mmol) at 5 °C. The mixture was stirred for 39 h at room temperature, quenched 
with 10% aqueous solution of NaOAc (1.46 L). The mixture was stirred for 13 h, and extracted with 
AcOEt (200 mL × 2). The combined organic layers were concentrated under reduced pressure to give 
a 9:1 mixture of 95 and a diacylated phloroglucinol. To separate 95 from the mixture, the residue was 
added to 20% aqueous solution of K2CO3 (800 mL) and NaCl (120 g). The mixture was extracted with 
toluene (400 mL × 1). Compound 95 was solved as a potassium salt in aqueous layer. The 
diacylphloroglucinol was dissolved in the organic layer. The aqueous layer was separated, acidified 
with 35% HCl (150 mL), and extracted with AcOEt (300 mL × 2). The combined organic layers were 
dried over anhydrous MgSO4 and filtered. The filtrate was concentrated under reduced pressure to 
give 95 (59.7 g, 70%) as a brown oil; FTIR (neat) 3277, 2957, 1629, 1600, 1521, 1457, 1303, 1211, 
1164, 1077, 828 cm−1; 1H NMR (300 MHz, CD3OD) δ 5.78 (s, 2 H), 2.89 (d, J = 6.8 Hz, 2 H), 2.19 
(m, 1 H), 0.94 (d, J = 6.6Hz, 6 H); 13C NMR (75 MHz, CD3OD) δ 207.7, 166.6, 166.5 × 2, 106.3, 96.4 
× 2, 54.4, 27.4, 23.8 × 2; HRMS (ESI) m/z (M−H)− calcd for [C11H14O4−H]− 209.0819, found 209.0819. 




To a solution of NaOMe (34.3 g, 635 mmol) in MeOH (310 mL) were added 95 (26.7 g, 127 
mmol) and MeI (55.3 mL, 888 mmol) at room temperature. The mixture was heated to reflux for 20 
h, cooled to room temperature, and concentrated under reduced pressure. Water (200 mL) was added 
to the residue. The mixture was acidified with 6N HCl and extracted with AcOEt (200 mL × 1). The 
organic layer was dried over anhydrous MgSO4 and filtered. The filtrate was concentrated under 
reduced pressure to give 57 (23.8 g, 70%) as a brown oil; FTIR (neat) 2960, 2873, 1723, 1671, 1559, 
1471, 1383, 1049 cm−1; 1H NMR (300 MHz, CDCl3) δ 2.85 (d, J = 6.7 Hz, 2 H), 2.15 (m, 1 H), 1.43 
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(s, 6 H), 1.34 (s, 6 H), 0.97 (d, J = 6.7 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 209.9, 203.6, 199.5, 
196.8, 109.4, 56.8, 52.3, 47.1, 26.0, 24.2 × 2, 23.8 × 2, 22.6 × 2; HRMS (ESI) m/z (M−H)− calcd for 
[C15H22O4−H]− 265.1445, found 265.1445. This material was subjected to the next step without further 
purification. 
 
6-Isopentyl-2,2,4,4-tetramethylcyclohexane-1,3,5-trione (78) from 57 
 
To a solution of 57 (23.5 g, 88.2 mmol) in AcOH (200 mL) was added NaBH3CN (13.9 g, 
221 mmol) at 5 °C. After stirring for 21 h at room temperature, the mixture was quenched with 1N 
HCl and stirred until the generation of gas was completed (This experiment should be performed in a 
well fume hood. The gas was trapped with NaOH aq. solution). The mixture was extracted with toluene 
(100 mL × 3). The combined organic layers were washed with brine (100 mL × 2), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue 




To a solution of 78 (2.05 g, 8.12 mmol) in toluene (15 mL) were added DMF (1.0 mL) and 
oxalyl chloride (1.72 mL, 20.0 mmol) at room temperature. The mixture was heated to 90 °C for 1 h. 
The mixture was cooled to room temperature, then quenched with water (20 mL) and partitioned. The 
aqueous layer was extracted with toluene (10 mL × 1). The combined organic layers were washed with 
water (10 mL × 1) and brine (10 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was 
concentrated under reduced pressure to give 97 (2.29 g); FTIR (neat) 2958, 2871, 1723, 1675, 1616, 
1468, 1382 cm-1; 1H NMR (300 MHz, CDCl3) δ 2.52 (m, 2 H), 1.57 (m, 1 H), 1.45 (s, 6 H), 1.32 (s, 6 
H), 1.24 (m, 2 H), 0.92 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 210.5, 197.3, 156.2, 135.6, 
57.1, 51.0, 36.6, 28.3, 26.4, 26.3 × 2, 23.5 × 2, 22.3 × 2; HRMS (APCI) m/z (M+H)+ calcd for 







To a solution of the crude 97 (2.29 g) in MeOH (25 mL) was added NaOMe (1.32 g, 24.4 
mmol) at room temperature. After stirring for 13 h at 45 °C, the mixture was concentrated under 
reduced pressure. The residue was added to water (20 mL). The mixture was extracted with AcOEt 
(20 mL × 3). The combined organic layers were washed with water (10 mL × 1), brine (10 mL × 1), 
dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The 
residue was purified by flash chromatography on silica gel (hexane/AcOEt = 15:1) to give 96 (1.88 g, 
87% in 2 steps) as a colorless oil; FTIR (neat) 2955, 1716, 1662, 1621, 1469, 1379, 1334, 1197, 1139, 
1046 cm−1; 1H NMR (300 MHz, CDCl3) δ 3.90 (s, 3 H), 2.36 (m, 2 H), 1.56 (m, 1 H), 1.33 (s, 6 H), 
1.28 (s, 6 H), 1.24 (m, 2 H), 0.89 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 212.8, 200.5, 
174.1, 122.0, 62.4, 55.9, 49.6, 37.7, 28.4, 24.9 × 2, 24.0 × 2, 22.7, 22.3 × 2; HRMS (EI) m/z (M)+ 




To a solution of 96 (550 mg, 2.06 mmol) in toluene (10 mL) was added DIBAL (1 mol/L 
solution in hexane, 8.3 mL, 8.26 mmol) at 5 °C. The mixture was stirred for 1 h at room temperature. 
The mixture was quenched with 3N HCl (20 mL), and stirred for 1 h at 85 °C. The organic layer was 
separated, and the aqueous layer was extracted with toluene (20 mL × 1). The combined organic layers 
were washed with brine (20 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was 
concentrated under reduced pressure to give 77 (491 mg, quant.) as a colorless oil; FTIR (neat) 3491, 
2956, 1658, 1467, 1383, 1365, 1260, 1056, 799, 735 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.27 (t, J = 
1.1 Hz, 1 H), 3.51 (s, 1 H), 2.15 (m, 2 H), 1.53 (m, 1 H), 1.23 (m, 2 H), 1.21 (s, 3 H), 1.17 (s, 3 H), 
1.16 (s, 3 H), 1.07 (s, 3 H), 0.89 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 203.8, 150.7, 
134.9, 79.7, 47.5, 37.84, 37.82, 30.3, 27.9, 27.7, 23.4, 22.5, 22.4, 21.4, 20.3; HRMS (EI) m/z (M)+ 





(1R*,3S*)-4-Isopentyl-2,2,6,6-tetramethylcyclohex-4-ene-1,3-diol (98) and (1R*,3R*)-4-
Isopentyl-2,2,6,6-tetramethylcyclohex-4-ene-1,3-diol (99) 
 
To a solution of 77 (1.50 g, 6.29 mmol) in THF (90 mL) was added LiAlH4 (717 mg, 18.9 
mmol) at room temperature. The mixture was stirred for 30 min at room temperature. The mixture was 
quenched with 1N HCl (300 mL) at 5 °C, and extracted with AcOEt (200 mL × 1, 150 mL × 2). The 
combined organic layers were washed with 1N HCl (240 mL × 1) and brine (100 mL × 3), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue 
was purified by flash chromatography on silica gel (hexane/AcOEt = 9:1 to 7:3) to give 98 (337 mg, 
22%) as a colorless oil and 99 (844 mg, 56%) as a colorless oil;  
 
98: FTIR (neat) 3378, 2954, 2869, 1468, 1384, 1366, 1022, 1004, 737 cm−1; 1H NMR (300 MHz, 
CDCl3) δ 5.11 (s, 1 H), 3.61 (s, 1 H), 3.25 (s, 1 H), 2.09 (m, 2 H), 1.54 (m, 1 H), 1.29 (m, 2 H), 1.10 
(s, 3 H), 1.03 (s, 3 H), 1.02 (s, 3 H), 0.99 (s, 3 H), 0.892 (d, J = 6.6 Hz, 3 H), 0.887 (d, J = 6.6 Hz, 3 
H); 13C NMR (75 MHz, CDCl3) δ 135.8, 130.3, 81.3, 75.8, 39.4, 37.48, 37.44, 32.1, 29.8, 27.9, 26.1, 
25.6, 22.8, 22.3, 20.3; HRMS (ESI) m/z (M+H)+ calcd for [C15H28O2+Na]+ 263.1982, found 263.1981. 
99: FTIR (neat) 3417, 2955, 2870, 1468, 1384, 1366, 1261, 1026, 1003, 803 cm−1; 1H NMR (300 MHz, 
CDCl3) δ 5.20 (t, J = 1.1 Hz, 1 H), 3.63 (s, 1 H), 3.54 (s, 1 H), 2.07 (dt, J = 8.0, 1.1 Hz, 2 H), 1.54 (m, 
1 H), 1.29 (m, 2 H), 1.21 (s, 3 H), 1.08 (s, 3 H), 0.98 (s, 3 H), 0.90 (d, J = 6.6 Hz, 6 H), 0.84 (s, 3 H); 
13C NMR (75 MHz, CDCl3) δ 135.2, 134.2, 77.6, 77.5, 39.7, 37.5, 37.2, 32.8, 31.4, 27.8, 24.1, 22.8, 
22.3, 21.6, 20.0; HRMS (ESI) m/z (M−H)− calcd for [C15H28O2−H]− 239.2017, found 239.2015. 
         
(1R*,5R*)-5-Hydroxy-2-isopentyl-4,4,6,6-tetramethylcyclohex-2-en-1-yl 2-(dimethoxyphosphor 
-yl)acetate (101), (1R*,5R*)-5-Hydroxy-4-isopentyl-2,2,6,6-tetramethylcyclohex-3-en-1-yl 2-
(dimethoxyphosphoryl)acetate (102), and (1R*,3R*)-4-Isopentyl-2,2,6,6-tetramethylcyclohex-4-




To a solution of 99 (573 mg, 2.38 mmol) in CH2Cl2 (10 mL) were added 1008) (481 mg, 2.86 
mmol), DMAP (349 mg, 2.86 mmol), and EDCI (548 mg, 2.86 mmol) at room temperature. The 
mixture was stirred for 21 h. The mixture was quenched with 10% aqueous solution of citric acid 
(citric acid aq., 40 mL). The organic layer was separated, and the aqueous layer was extracted with 
CH2Cl2 (30 mL). The combined organic layers were washed with 10% citric acid aq. (40 mL × 1), 
saturated aqueous solution of NaHCO3 aq. (sat. NaHCO3 aq., 40 mL × 2), dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 3:7 to 0:10) to give 101 (434 mg, 47%), 102 (66.0 mg, 
7%), 103 (138 mg, 11%), and with recovery of the starting material 99 (178 mg, 31%). 
 
101: FTIR (neat) 3426, 2955, 2869, 1728, 1467, 1265, 1111, 1057, 1031, 968, 922, 806, 732 cm−1; 1H 
NMR (300 MHz, CDCl3) δ 5.33 (s, 1 H), 5.15 (s, 1 H), 3.79 (d, J = 11.3 Hz, 3 H), 3.78 (d, J = 11.3 
Hz, 3 H), 3.62 (s, 1 H), 2.98 (d, J = 21.6 Hz, 2 H), 1.92 (m, 2 H), 1.51 (m, 1 H), 1.38–1.17 (m, 2 H), 
1.09 (s, 3 H), 1.02 (s, 3 H), 0.99 (s, 3 H), 0.93 (s, 3 H), 0.88 (d, J = 6.6 Hz, 3 H), 0.87 (d, J = 6.6 Hz, 
3 H); 13C NMR (75 MHz, CDCl3) δ 165.5 (d, 2JCP = 6.3 Hz), 136.9, 131.1, 78.9, 77.5, 53.0 (d, 2JCP = 
5.9 Hz) × 2, 39.0, 37.2, 36.9, 33.4 (d, 1JCP = 134.0 Hz), 32.0, 31.1, 27.7, 23.4, 22.8, 22.2, 21.5, 19.7; 
HRMS (ESI) m/z (M+H)+ calcd for [C19H35O6P+H]+ 391.2244, found 391.2245. 
102: FTIR (neat) 3421, 2955, 2870, 1733, 1467, 1366, 1274, 1115, 1033, 877 cm−1; 1H NMR (300 
MHz, CDCl3) δ 5.15 (s, 2 H), 3.81 (d, J = 11.7 Hz, 6 H), 3.55 (s, 1 H), 3.03 (d, J = 21.9 Hz, 2 H), 2.07 
(t, J = 7.8 Hz, 2 H), 1.54 (m, 1 H), 1.28 (m, 2 H), 1.01 (s, 3 H), 1.00 (s, 6 H), 0.90 (s, 3 H), 0.89 (d, J 
= 6.6 Hz, 3 H), 0.88 (d, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 165.5 (d, 2JCP = 6.8 Hz), 135.5, 
133.2, 80.6, 76.9, 53.0 (d, 2JCP = 7.5 Hz) × 2, 39.4, 37.4, 37.1, 33.3 (d, 1JCP = 133.5 Hz), 32.6, 30.9, 
27.8, 23.4, 22.8, 22.7, 22.3, 21.1; HRMS (ESI) m/z (M+H)+ calcd for [C19H35O6P+H]+ 391.2244, 
found 391.2244. 
103: FTIR (neat) 2957, 1733, 1466, 1269, 1115, 1031, 972 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.28 
(brs, 1 H), 5.14 (s, 1 H), 5.11 (s, 1 H), 3.795 (d, J = 11.2 Hz, 3 H), 3.793 (d, J = 11.2 Hz, 3 H), 3.790 
(d, J = 11.2 Hz, 3 H), 3.77 (d, J = 11.2 Hz, 3 H), 3.03 (d, J = 21.8 Hz, 2 H), 3.00 (d, J = 21.8 Hz, 2 H), 
1.91 (m, 2 H), 1.49 (m, 1 H), 1.29 (m, 1 H), 1.21 (m, 1 H), 1.02 (s, 3 H), 1.00 (s, 3 H), 0.98 (s, 3 H), 
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0.89 (s, 3 H), 0.86 (d, J = 6.6 Hz, 3 H), 0.85 (s, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 165.5 
(d, 2JCP = 6.0 Hz), 165.4 (d, 2JCP = 6.0 Hz), 135.9, 131.5, 80.3, 78.2, 53.03 (d, 2JCP = 6.0 Hz) × 2, 52.99 
(d, 2JCP = 6.0 Hz) × 2, 38.7, 37.1, 36.9, 33.3 (d, 1JCP = 133.5 Hz), 33.2 (d, 1JCP = 133.5 Hz), 31.9, 30.7, 






To a solution of 101 (488 mg, 1.25 mmol) in CH2Cl2 (5.0 mL) were added AcOH (143 L, 
2.50 mmol), DMAP (305 mg, 2.50 mmol), and EDCI (479 mg, 2.50 mmol) at room temperature. The 
mixture was stirred for 14 h. The mixture was quenched with water (5 mL) and extracted. The organic 
layer was separated, washed with 10% citric acid aq. (5 mL × 2), sat. NaHCO3 aq. (5 mL × 2), and 
brine (5 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under 
reduced pressure to give 104 (539 mg, quant.) as a yellow oil; FTIR (neat) 2956, 2871, 1735, 1368, 
1270, 1239, 1112, 1035, 971, 805 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.31 (s, 1 H), 5.18 (s, 1 H), 
5.07 (s, 1 H), 3.82 (d, J = 11.2 Hz, 3 H), 3.80 (d, J = 11.2 Hz, 3 H), 3.01 (d, J = 21.7 Hz, 2 H), 2.12 (s, 
3 H), 1.94 (m, 2 H), 1.52 (m, 1 H), 1.33 (m, 1 H), 1.22 (m, 1 H), 1.02 (s, 3 H), 1.00 (s, 3 H), 0.99 (s, 3 
H), 0.889 (d, J = 6.7 Hz, 3 H), 0.885 (s, 3 H), 0.88 (d, J = 6.7 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 
170.9, 165.6 (d, 2JCP = 6.6 Hz), 136.0, 131.6, 78.5, 78.2, 53.06 (d, 2JCP = 6.3 Hz), 53.04 (d, 2JCP = 6.3 
Hz), 38.6, 36.99, 36.96, 33.3 (d, 1JCP = 133.2 Hz), 31.9, 30.9, 27.7, 23.1, 22.9, 22.8, 22.2, 21.1, 20.9; 
HRMS (ESI) m/z (M+H)+ calcd for [C21H37O7P+H]+ 433.2350, found 433.2350. This material was 
subjected to the next step without further purification. 
 
(1R*,3S*,5R*,6R*)-3-Acetoxy-5,6-dihydroxy-6-isopentyl-2,2,4,4-tetramethylcyclohexyl 
cinnamate (105) and (1R*,3S*,5S*,6S*)-3-Acetoxy-5,6-dihydroxy-6-isopentyl-2,2,4,4-




To a solution of 104 (539 mg, 1.25 mmol) in pyridine (3.0 mL) was added OsO4 (475 mg, 
1.87 mmol) at room temperature. The mixture was stirred for 21 h at 40 °C. The mixture was quenched 
with 10% aqueous solution of NaHSO3 (NaHSO3 aq., 5 mL). Solid NaCl (5 g) was added to the 
mixture. The mixture was extracted with AcOEt (5 mL × 2). The combined oraganic layers were 
washed with 10% NaHSO3 aq. (5 mL × 2), brine (5 mL × 1), dried over anhydrous MgSO4, and filtered. 
The filtrate was concentrated under reduced pressure to give a mixture of the corresponding osmate 
of 105 and 106. THF (5.0 mL), water (3.0 mL), and solid NaHSO3 (1.62 g) were added to the residue. 
The mixture was stirred for 1 h at room temperature, and extracted with AcOEt (5 mL × 2). The 
combined organic layers were washed with 10% NaHSO3 aq. (5 mL × 1), brine (5 mL × 2), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give diol (429 
mg). LiCl (43.0 mg, 1.01 mmol), DBU (151 L, 1.01 mmol), and benzaldehyde (103 L, 1.01 mmol) 
were added to a solution of the diol (429 mg, 0.92 mmol) in CH3CN (5 mL) at room temperature. The 
mixture was stirred for 24 h. The mixture was concentrated under reduced pressure. AcOEt (20 mL) 
and water (20 mL) were added to the residue, and extracted. The organic layer was separated, and the 
aqueous layer was extracted with AcOEt (10 mL × 1). The combined organic layers were washed with 
10% citric acid aq. (20 mL × 1), brine (20 mL × 1), dried over anhydrous MgSO4, and filtered. The 
filtrate was concentrated under reduced pressure. The residue was purified by preparative TLC on 
silica gel (hexane/diisopropylether = 3:7) to give 105 (160 mg, 29% in 2 steps) as a colorless oil and 
106 (168 mg, 30% in 2 steps) as colorless oil. 
 
105: FTIR (neat) 3508, 2957, 2873, 1716, 1636, 1368, 1250, 1163, 1024, 981, 912, 767, 736 cm−1; 1H 
NMR (300 MHz, CDCl3) δ 7.69 (d, J = 16.0 Hz, 1 H), 7.56 (m, 2 H), 7.40 (m, 3 H), 6.47 (d, J = 16.0 
Hz, 1 H), 5.13 (s, 1 H), 4.98 (s, 1 H), 3.46 (s, 1 H), 2.13 (s, 3 H), 1.81 (m, 1 H), 1.41 (m, 2 H), 1.33 (s, 
3 H), 1.25 (m, 2 H), 1.17 (s, 3 H), 1.04 (s, 3 H), 0.84 (d, J = 6.6 Hz, 3 H), 0.82 (s, 3 H), 0.78 (d, J = 
6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.8, 165.8, 146.0, 134.1, 130.5, 128.9 × 2, 128.3 × 2, 
117.4, 79.0, 78.0, 77.3, 76.8, 41.4, 39.7, 34.5, 30.7, 29.2, 28.5, 26.9, 22.8, 22.3, 20.9, 20.6, 15.9; 
HRMS (ESI) m/z (M+H)+ calcd for [C26H38O6+H]+ 447.2741, found 447.2743. 
105 was recrystallized from toluene to afford single crystals of 105 as toluene solvate (mp 130 °C). 
The structure of 105 was determined by X-ray crystallographic analysis. CCDC 1039800 contains the 
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supplementary crystallographic data. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www. ccdc.cam.ac.uk/data_request/cif. 
 
ORTEP view of 105 
 
106: FTIR (neat) 3477, 2956, 1715, 1636, 1371, 1240, 1162, 1007, 965, 910, 767, 734 cm−1; 1H NMR 
(300 MHz, CDCl3) δ 7.72 (d, J = 16.0 Hz, 1 H), 7.53 (m, 2 H), 7.37 (m, 3 H), 6.53 (d, J = 16.0 Hz, 1 
H), 5.16 (s, 1 H), 4.86 (s, 1 H), 3.52 (s, 1 H), 2.09 (s, 3 H), 1.70 (dt, J = 12.5, 4.9 Hz, 1 H), 1.41 (m, 1 
H), 1.36 (s, 3 H), 1.34–1.16 (m, 3 H), 1.28 (s, 3 H), 0.99 (s, 3 H), 0.84 (d, J = 6.7 Hz, 3 H), 0.83 (s, 3 
H), 0.81 (d, J = 6.7 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.4, 166.1, 145.8, 134.1, 130.5, 128.9 
× 2, 128.1 × 2, 117.3, 84.4, 77.9, 74.7, 73.0, 40.0, 39.8, 35.4, 32.8, 28.4, 27.5, 27.4, 22.5, 22.3, 22.2, 





To a solution of 105 (60.0 mg, 134 mol) in CH2Cl2–water (1:1, 4.0 mL) were added 1-Me-
AZADO (1.1 mg, 6.62 mol), KBr (30 mg), and NaOCl–5% NaHCO3 aq. (1:1, 2 mL) at 5 °C. The 
mixture was stirred for 2 h at 5 °C. The organic layer was separated, and the aqueous layer was 
extracted with CH2Cl2 (2 mL × 1). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 10:1) to give 1a (56.0 mg, 94%) as a colorless oil; 
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FTIR (neat) 3488, 2957, 2872, 1709, 1635, 1372, 1235, 1153, 1027, 910, 767, 731 cm−1; 1H NMR 
(600 MHz, CDCl3) δ 7.79 (d, J = 15.9 Hz, 1 H), 7.58 (m, 2 H), 7.41 (m, 3 H), 6.53 (d, J = 15.9 Hz, 1 
H), 5.38 (s, 1 H), 5.24 (s, 1 H), 3.62 (brs, 1 H), 2.14 (s, 3 H), 1.76 (dt, J = 13.3, 4.3 Hz, 1 H), 1.68 (dt, 
J = 13.3, 4.7 Hz, 1 H), 1.43 (m, 1 H), 1.35 (s, 3 H), 1.22 (m, 1 H), 1.17 (s, 3 H), 1.02 (s, 3 H), 0.98 (s, 
3 H), 0.91 (m, 1 H), 0.821 (d, J = 6.6 Hz, 3 H), 0.817 (d, J = 6.6 Hz, 3 H); 13C NMR (150 MHz, 
CDCl3) δ 216.1, 170.7, 166.0, 146.3, 134.1, 130.6, 128.9 × 2, 128.3 × 2, 117.1, 79.8, 79.14, 79.10, 
47.7, 39.4, 34.3, 31.1, 28.3, 27.0, 23.7, 22.6, 22.4, 21.9, 20.8, 20.7; HRMS (FAB) m/z (M+H)+ calcd 





To a solution of 106 (20.0 mg, 44.8 mol) in CH2Cl2 (2.0 mL) were added DMSO (16 L, 
225 mol), i-Pr2NEt (39 L, 227 mol), and SO3·pyridine complex (36.0 mg, 226 mol) at room 
temperature. The mixture was stirred for 4 h. The mixture was quenched with sat. NaHCO3 aq. (2 mL). 
The organic layer was separated, washed with brine (2 mL × 1), dried over anhydrous MgSO4, and 
filtered. The filtrate was concentrated under reduced pressure. The residue was purified by preparative 
TLC on silica gel (hexane/AcOEt = 8:2) to give 1b (15.0 mg, 75%) as a colorless oil; FTIR (neat) 
3471, 2957, 2873, 1713, 1636, 1373, 1235, 1161, 1009, 908, 730 cm−1; 1H NMR (600 MHz, CDCl3) 
δ 7.73 (d, J = 16.0 Hz, 1 H), 7.54 (m, 2 H), 7.39 (m, 3 H), 6.51 (d, J = 16.0 Hz, 1H), 5.42 (s, 1 H), 
5.02 (s, 1 H), 3.45 (brs, 1 H), 2.18 (s, 3 H), 2.06 (dt, J = 13.3, 4.1 Hz, 1 H), 1.86 (dt, J = 13.3, 4.3 Hz, 
1 H), 1.49 (m, 1 H), 1.36 (s, 3 H), 1.31 (m, 1 H), 1.16 (s, 3 H), 1.08 (s, 3 H), 1.03 (s, 3 H), 0.87 (d, J 
= 6.7 Hz, 3 H), 0.86 (m, 1 H), 0.85 (d, J = 6.7 Hz, 3 H); 13C NMR (150 MHz, CDCl3) δ 215.5, 170.3, 
166.5, 145.9, 134.3, 130.4, 128.9 × 2, 128.2 × 2, 117.4, 80.8, 78.5, 78.1, 46.7, 39.1, 38.0, 31.5, 28.2, 
27.9, 24.0, 23.0, 22.7, 22.2 × 2, 20.7; HRMS (FAB) m/z (M+H)+ calcd for [C26H36O6+H]+ 445.2590, 
found 445.2583. 
 




To a solution of 77 (500 mg, 2.10 mmol) in pyridine (10 mL) was added Ac2O (2.0 mL, 21.2 
mmol) at room temperature. The mixture was stirred for 21 h at 40 °C. The mixture was concentrated 
under reduced pressure to give 107 (589 mg, quant.) as a colorless oil; FTIR (neat) 2956, 2871, 1748, 
1677, 1468, 1367, 1236, 1029 cm−1; 1H NMR (300 MHz, CDCl3) δ 6.24 (t, J = 1.1 Hz, 1 H), 5.02 (s, 
1 H), 2.17 (m, 2 H), 2.12 (s, 3 H), 1.53 (m, 1 H), 1.22 (m, 2 H), 1.15 (s, 3 H), 1.10 (s, 9 H), 0.89 (d, J 
= 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 202.1, 170.5, 149.6, 135.2, 79.7, 46.6, 37.8, 37.3, 29.6, 
27.9, 27.7, 23.9, 23.4, 22.5 × 2, 21.7, 20.8; HRMS (ESI) m/z (M+H)+ calcd for [C17H28O3+H]+ 
281.2111, found 281.2112. This material was subjected to the next step without further purification. 
 
(1R*,5S*)-5-Hydroxy-4-isopentyl-2,2,6,6-tetramethylcyclohex-3-en-1-yl acetate (108) 
 
To a solution of 107 (589 mg, 2.10 mmol) in MeOH (10 mL) was added NaBH4 (397 mg, 
10.5 mmol) at room temperature. The mixture was stirred for 30 min, quenched with brine (15 mL), 
and extracted with AcOEt (15 mL × 1, 5 mL × 3). The combined organic layers were washed with 
brine (10 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under 
reduced pressure to give 108 (558 mg, 94%) as a colorless oil; FTIR (neat) 3481, 2958, 2871, 1744, 
1721, 1469, 1367, 1241, 1025, 976, 910, 879, 739 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.12 (d, J = 
1.2 Hz, 1 H), 4.81 (s, 1 H), 3.70 (s, 1 H), 2.24–2.20 (m, 2 H), 2.11 (s, 3 H), 1.55 (m, 1 H), 1.31 (m, 2 
H), 1.002 (s, 3 H), 0.995 (s, 3 H), 0.97 (s, 6 H), 0.904 (d, J = 6.6 Hz, 3 H), 0.897 (d, J = 6.6 Hz, 3 H); 
13C NMR (75 MHz, CDCl3) δ 170.5, 136.4, 130.2, 81.3, 75.3, 39.3, 37.5, 36.7, 31.6, 30.0, 27.9, 25.6, 
25.0, 22.8, 22.3, 20.9, 19.3; HRMS (ESI) m/z (M+Na)+ calcd for [C17H30O3+Na]+ 305.2087, found 







To a solution of 108 (548 mg, 1.94 mmol) in CH2Cl2 (6.0 mL) were added 100 (391 mg, 
2.33 mmol), DMAP (284 mg, 2.32 mmol), and EDCI (446 mg, 2.33 mmol) at room temperature. The 
mixture was stirred for 12 h, and washed with 10% citric acid aq. (3 mL). The organic layer was 
separated, washed with 10% citric acid aq. (3 mL × 2), sat. NaHCO3 aq. (3 mL × 3), and brine (3 mL 
× 1), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. 
The residue was purified by flash chromatography on silica gel (hexane/AcOEt = 6:4 to 0:10) to give 
109 (405 mg, 48%) as a colorless oil; FTIR (neat) 2956, 2871, 1741, 1469, 1370, 1271, 1239, 1113, 
1033, 811 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.45 (s, 1 H), 5.23 (s, 1 H), 4.82 (s, 1 H), 3.79 (d, J 
= 11.4 Hz, 6 H), 3.01 (dd, J = 21.8, 2.7 Hz, 2 H), 2.11 (s, 3 H), 1.87 (m, 2 H), 1.49 (m, 1 H), 1.21 (m, 
2 H), 1.01 (s, 3 H), 0.98 (s, 3 H), 0.95 (s, 3 H), 0.87 (s, 3 H), 0.86 (d, J = 6.5 Hz, 3 H), 0.85 (d, J = 
6.5 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.7, 165.4 (d, 2JCP = 6.8 Hz), 132.74, 132.68, 79.4, 
78.1, 53.0 (d, 2JCP = 6.0 Hz) × 2, 39.7, 37.2, 36.9, 33.3 (d, 1JCP = 134.3 Hz), 30.8, 30.2, 27.7, 24.6, 




cinnamate (110) and (1R*,3R*,5S*,6S*)-3-Acetoxy-5,6-dihydroxy-6-isopentyl-2,2,4,4-
tetramethylcyclohexyl cinnamate (111) 
 
To a solution of 109 (403 mg, 0.93 mmol) in pyridine (5.0 mL) was added OsO4 (308 mg, 
1.21 mmol) at room temperature. The mixture was stirred for 12 h at 40 °C, quenched with 10% 
NaHSO3 aq. (10 mL), and extracted with AcOEt (10 mL × 2). The combined organic layers were 
washed with 10% NaHSO3 aq. (10 mL × 3), brine (10 mL × 1), dried over anhydrous MgSO4, and 
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filtered. The filtrate was concentrated under reduced pressure to give a mixture of the corresponding 
osmate of 110 and 111. THF (5.0 mL), water (1.0 mL), and solid NaHSO3 (1.49 g) were added to the 
residue, stirred for 4 h at room temperature. The mixture was extracted with AcOEt (5 mL × 1). The 
organic layer was washed with 10% NaHSO3 aq. (5 mL × 1), brine (5 mL × 1), dried over anhydrous 
MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give diol (394 mg). LiCl 
(39.0 mg, 0.92 mmol), DBU (126 L, 0.84 mmol), and benzaldehyde (94 L, 0.92 mmol) were added 
to a solution of the crude diol (394 mg, 0.84 mmol) in CH3CN (12 mL) at room temperature. The 
mixture was stirred for 16 h, and concentrated under reduced pressure. Water (5 mL) was added to the 
residue. The mixture was extracted with AcOEt (3 mL × 3). The combined organic layers were washed 
with 10% citric acid aq. (5 mL × 1), brine (5 mL × 2), dried over anhydrous MgSO4, and filtered. The 
filtrate was concentrated under reduced pressure. The residue was purified by preparative TLC on 
silica gel (hexane/diisopropylether = 3:7) to give 110 (55.0 mg, 13% in 2 steps) as a colorless oil and 
111 (93.0 mg, 22% in 2 steps) as a colorless oil; 
 
110: FTIR (neat) 3481, 2954, 2871, 1713, 1636, 1372, 1247, 1203, 1170, 1023, 979, 908, 768, 735 
cm−1; 1H NMR (300 MHz, CDCl3) δ 7.74 (d, J = 16.0 Hz, 1 H), 7.54 (m, 2 H), 7.41 (m, 3 H), 6.48 (d, 
J = 16.0 Hz, 1 H), 5.14 (s, 1 H), 5.03 (s, 1 H), 3.66 (s, 1 H), 2.09 (s, 3 H), 1.86 (ddd, J = 14.3, 12.4, 
4.9 Hz, 1 H), 1.68 (ddd, J = 14.3, 12.7, 4.0 Hz, 1 H), 1.46 (m, 1 H), 1.41 (m, 2 H), 1.183 (s, 3 H), 
1.177 (s, 3 H), 1.11 (s, 3 H), 1.02 (s, 3 H), 0.86 (d, J = 6.2 Hz, 3 H), 0.84 (d, J = 6.2 Hz, 3 H); 13C 
NMR (75 MHz, CDCl3) δ 170.4, 167.1, 145.8, 134.2, 130.6, 129.0 × 2, 128.2 × 2, 117.6, 80.8, 79.9, 
76.3 × 2, 40.0, 39.9, 33.7, 31.4, 28.6, 28.3, 25.0, 24.2, 22.61, 22.55, 21.3, 20.9; HRMS (ESI) m/z 
(M+H)+ calcd for [C26H38O6+H]+ 447.2741, found 447.2743. 
111: FTIR (neat) 3504, 2959, 2868, 1717, 1636, 1368, 1249, 1161, 1005, 910, 801, 766, 731 cm−1; 1H 
NMR (600 MHz, CDCl3) δ 7.76 (d, J = 15.9 Hz, 1 H), 7.55 (m, 2 H), 7.40 (m, 3 H), 6.54 (d, J = 15.9 
Hz, 1 H), 4.94 (s, 1 H), 4.65 (s, 1 H), 3.29 (brs, 1 H), 2.14 (s, 3 H), 1.69 (dt, J = 13.0, 4.3 Hz, 1 H), 
1.41 (m, 1 H), 1.29 (m, 1 H), 1.26 (m 1 H), 1.26 (s, 3 H), 1.18 (s, 3 H), 1.17 (m, 1 H), 0.99 (s, 3 H), 
0.85 (d, J = 6.7 Hz, 3 H), 0.83 (d, J = 6.7 Hz, 3 H), 0.81 (s, 3 H); 13C NMR (150 MHz, CDCl3) δ 170.6, 
165.9, 146.0, 134.1, 130.6, 128.9 × 2, 128.2 × 2, 117.1, 79.4, 77.8, 75.2, 74.1, 41.05, 41.02, 35.5, 32.9, 
29.0, 28.5, 28.4, 22.5, 22.3, 20.7, 16.8, 15.7; HRMS (ESI) m/z (M+H)+ calcd for [C26H38O6+H]+ 
447.2741, found 447.2740. 
111 was recrystallized from toluene to afford single crystals of 111 as toluene solvate (mp 164 °C). 
The structure of 111 was determined by X-ray crystallographic analysis. CCDC 1039803 contains the 
supplementary crystallographic data. These data can be obtained free of charge from The Cambridge 









To a solution of 110 (65.0 mg, 146 mol) in CH2Cl2–water (1:1, 4.0 mL) were added 1-Me-
AZADO (1.2 mg, 7.22 mol), KBr (30 mg), and NaOCl–5% NaHCO3 aq. (1:1, 2.0 mL) at 5 °C. The 
mixture was stirred for 2 h at 5 °C. The organic layer was separated, and the aqueous layere was 
extracted with CH2Cl2 (2 mL × 1). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 10:1) to give 1c (54.0 mg, 83%) as a colorless oil; 
FTIR (neat) 3448, 2956, 2872, 1715, 1635, 1369, 1233, 1202, 1157, 1026, 911, 767, 733 cm−1; 1H 
NMR (600 MHz, CDCl3) δ 7.76 (d, J = 16.0 Hz, 1 H), 7.54 (m, 2 H), 7.40 (m, 3 H), 6.49 (d, J = 16.0 
Hz, 1 H), 5.20 (s, 1 H), 5.07 (s, 1 H), 2.16 (s, 3 H), 1.94 (ddd, J = 14.3, 13.5, 4.4 Hz, 1 H), 1.86 (ddd, 
J = 13.5, 12.8, 4.4 Hz, 1 H). 1.48 (m, 1 H), 1.29 (m, 1 H), 1.28 (s, 3 H), 1.21 (s, 3 H), 1.15 (s, 3 H), 
1.06 (s, 3 H), 0.88 (m, 1 H), 0.86 (d, J = 6.6 Hz, 6 H); 13C NMR (150 MHz, CDCl3) δ 213.8, 170.2, 
165.8, 145.9, 134.2, 130.5, 128.9 × 2, 128.2 × 2, 117.4, 79.9, 79.6, 79.4, 48.1, 39.7, 32.7, 31.2, 28.4, 








To a solution of 111 (20.0 mg, 44.8 mol) in CH2Cl2 (2.0 mL) were added DMSO (16 L, 
225 mol), i-Pr2NEt (39 L, 227 mol), and SO3·pyridine complex (36.0 mg, 226 mol) at room 
temperature. The mixture was stirred for 4 h, and quenched with sat. NaHCO3 aq. (2 mL). The organic 
layer was separated, washed with brine (2 mL × 1), dried over anhydrous MgSO4, and filtered. The 
filtrate was concentrated under reduced pressure. The residue was purified by preparative TLC on 
silica gel (hexane/AcOEt = 8:2) to give 1d (15.0 mg, 75%) as a colorless oil; FTIR (neat) 3503, 2958, 
2873, 1745, 1713, 1369, 1234, 1163, 1028, 1003, 909, 800, 767, 731 cm−1; 1H NMR (600 MHz, 
CDCl3) δ 7.69 (d, J = 16.0 Hz, 1 H), 7.52 (m, 2 H), 7.39 (m, 3 H), 6.44 (d, J = 16.0 Hz, 1 H), 5.33 (s, 
1 H), 5.21 (s, 1 H), 3.52 (s, 1 H), 2.17 (s, 3 H), 2.00 (ddd, J = 13.5, 13.4, 4.3 Hz, 1 H), 1.77 (ddd, J = 
13.4, 12.7, 4.3 Hz, 3 H), 1.50 (m, 1 H), 1.34 (m, 1 H), 1.30 (s, 3 H), 1.21 (s, 3 H), 1.11 (s, 3 H), 1.00 
(s, 3 H), 0.93 (m, 1 H), 0.88 (d, J = 6.7 Hz, 3 H), 0.86 (d, J = 6.7 Hz, 3 H); 13C NMR (150 MHz, 
CDCl3) δ 215.0, 170.5, 166.2, 145.9, 134.2, 130.5, 128.9 × 2, 128.2 × 2, 117.3, 79.0, 78.7, 77.9, 47.5, 
39.5, 36.4, 31.7, 28.1, 27.4, 26.9, 22.6, 22.4, 21.8, 20.7, 18.8; HRMS (FAB) m/z (M+H)+ calcd for 




To a solution of 51 (25.0 g, 198 mmol) in BF3・Et2O (75 mL, 595 mmol) was added 
isobutyryl chloride (21 mL, 200 mmol) at 5 °C. The mixture was stirred for 72 h at room temperature, 
and then added to 10% aqueous solution of AcONa (750 mL). The mixture was stirred for 24 h and 
extracted with AcOEt (150 mL × 3). The combined organic layers were washed with sat. NaHCO3 aq. 
(50 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced 
pressure to give a 9:1 mixture of 112 and a diacylated phloroglucinol. To separate 112 from the mixture, 
the residue was added to 20% aqueous solution of K2CO3 (600 mL) and solid NaCl (100 g). The 
mixture was extracted with toluene (300 mL × 1). Compound 112 was solved as a potassium salt in 
aqueous layer. The diacylphloroglucinol was dissolved in organic layer. The aqueous layer was 
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separated, acidified with 35% HCl (150 mL), and extracted with AcOEt (200 mL × 1). The organic 
layer was separated, dried over anhydrous MgSO4 and filtered. The filtrate was concentrated under 
reduced pressure to give 112 (34.8 g, 89%) as a brown oil; FTIR (neat) 3296, 2974, 1617, 1593, 1430, 
1384, 1224, 1163, 1098, 1065, 977 cm−1; 1H NMR (300 MHz, CD3OD) δ 5.79 (brs, 2 H), 3.95 (sep, J 
= 6.7 Hz, 1 H), 1.11 (d, J = 6.7 Hz, 6 H); 13C NMR (75 MHz, CD3OD) δ 212.3, 166.4, 166.3 × 2, 
105.2, 96.5 × 2, 40.6, 20.3 × 2; HRMS (ESI) m/z (M−H)− calcd for [C10H12O4−H]− 195.0663, found 




To a solution of NaOMe (19.3 g, 357 mmol) in MeOH (310 mL) were added 112 (14.0 g, 
71.4 mmol) and MeI (70.9 g, 500 mmol) at room temperature. The mixture was heated to reflux for 
18 h, cooled to room temperature, and concentrated under reduced pressure. Water (140 mL) was 
added to the residue. The mixture was acidified with 6N HCl and extracted with AcOEt (200 mL × 1). 
The organic layer was dried over anhydrous MgSO4 and filtered. The filtrate was concentrated under 
reduced pressure to give 113 (12.7 g, 71%) as a brown oil; FTIR (neat) 2982, 2940, 2876, 1724, 1672, 
1555, 1472, 1422, 1384, 1362, 1313, 1230, 1090, 1048, 961, 940 cm−1; 1H NMR (300 MHz, CDCl3) 
δ 3.76 (sep, J = 6.8 Hz, 1 H), 1.40 (s, 6 H), 1.32 (s, 6 H), 1.13 (d, J = 6.8 Hz, 6 H); 13C NMR (75 MHz, 
CDCl3) δ 209.7, 208.5, 199.2, 196.7, 108.1, 56.9, 52.1, 35.1, 24.2 × 2, 23.8 × 2, 19.0 × 2; HRMS (EI) 
m/z (M)+ calcd for [C14H20O4]+ 252.1362, found 252.1359. This material was subjected to the next 




To a solution of 113 (15.7 g, 62.2 mmol) in DMF (300 mL) was added NaBH3CN (11.8 g, 
187 mmol) at 5 °C. After stirring for 20 h at room temperature, the mixture was quenched with 1N 
HCl and stirred until the generation of gas was completed (This experiment should be performed in a 
well fume hood. The gas was trapped with NaOH aq. solution). The mixture was extracted with toluene 
(100 mL × 3). The combined organic layers were washed with brine, dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was recrystallized from 
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hexane–AcOEt to give 114 (5.80 g, 39%) as a white powder; FTIR (neat) 3235, 2963, 1708, 1593, 
1392, 1365, 1283, 1224, 1212, 1175, 1094, 1047, 959, 737 cm−1; 1H NMR (300 MHz, CD3OD) δ 2.26 
(d, J = 7.4 Hz, 2 H), 1.73 (m, 1 H), 1.34 (s, 12 H), 0.87 (d, J = 6.7 Hz, 6 H); 13C NMR (100 MHz, 
CD3OD, −90 °C) δ 214.8, 201.8 × 2, 112.9, 56.9 × 2, 32.9, 29.7, 25.9 × 4, 23.4 × 2; HRMS (ESI) m/z 





To a solution of 114 (5.70 g, 23.9 mmol) in toluene (40 mL) were added DMF (1.0 mL) and 
oxalyl chloride (4.0 mL, 46.6 mmol) at room temperature. After stirring for 30 min at 90 °C, the 
mixture was quenched with water (20 mL) at 5 °C, and stirred for 20 min. The mixture was extracted 
with toluene (30 mL × 3). The combined organic layers were washed with water (20 mL × 2) and brine 
(30 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced 
pressure to give 115 (4.50 g, 73%) as a colorless oil; FTIR (neat) 2959, 1721, 1676, 1612, 1466, 1381, 
1313, 1107, 902 cm-1; 1H NMR (300 MHz, CDCl3) δ 2.47 (d, J = 7.2 Hz, 2 H), 1.84 (m, 1 H), 1.47 (s, 
6 H), 1.35 (s, 6 H), 0.91 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 210.5, 197.5, 157.3, 134.5, 
57.3, 51.2, 36.7, 27.7, 26.5 × 2, 23.7 × 2, 22.5 × 2; HRMS (MALDI) m/z (M+H)+ calcd for 





To a solution of 115 (4.50 g, 17.5 mmol) in MeOH (154 mL) was added NaOMe (4.30 g, 
79.6 mmol) at room temperature. The mixture was stirred for 15 h at 45 °C, and concentrated under 
reduced pressure. The residue was added to water (50 mL), and extracted with AcOEt (50 mL × 2). 
The combined organic layers were washed with water (20 mL × 1) and brine, dried over anhydrous 
MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue was purified 
by flash chromatography on silica gel (hexane/AcOEt = 10:1) to give 116 (4.50 g, 75%) as a colorless 
oil; FTIR (neat) 2958, 2871, 1717, 1662, 1617, 1466, 1379, 1326, 1198, 1136, 1046, 1026, 983 cm−1; 
76 
 
1H NMR (300 MHz, CDCl3) δ 3.88 (s, 3 H), 2.30 (d, J = 7.2 Hz, 2 H), 1.74 (m, 1 H), 1.36 (s, 6 H), 
1.29 (s, 6 H), 0.84 (d, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 213.0, 200.6, 174.6, 121.2, 62.0, 
55.8, 49.8, 32.9, 27.5, 25.0 × 2, 24.2 × 2, 22.4 × 2; HRMS (EI) m/z (M)+ calcd for [C15H24O3]+ 




To a solution of 116 (209 mg, 828 mol) in toluene (5.0 mL) was added DIBAL (1 mol/L 
solution in hexane, 2.5 mL, 2.48 mmol) at 5 °C. The mixture was stirred for 2 h, quenched with 3N 
HCl (20 mL), stirred for 1.5 h at 75 °C, and cooled to room temperature. The organic layer was 
separated, and the aqueous layer was extracted with toluene (10 mL × 1). The combined organic layers 
were washed with brine (10 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was 
concentrated under reduced pressure to give 117 (208 mg, quant.) as a colorless oil; FTIR (neat) 3489, 
2957, 2933, 2870, 1658, 1465, 1382, 1365, 1259, 1101, 1056, 908, 800, 734 cm−1; 1H NMR (300 MHz, 
CDCl3) δ 6.26 (brs, 1 H), 3.52 (s, 1 H), 2.13 (ddd, J = 13.2, 6.7, 0.9Hz, 1 H), 1.97 (brs, 1 H), 1.90 (ddd, 
J = 13.2, 7.4, 0.9 Hz, 1 H), 1.67 (m, 1 H), 1.19 (s, 3 H), 1.18 (s, 3 H), 1.17 (s, 3 H), 1.07 (s, 3 H), 0.83 
(d, J = 6.7 Hz, 3 H), 0.82 (d, J = 6.7 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 203.9, 152.4, 133.5, 79.6, 
47.6, 39.1, 37.9, 30.3, 27.2, 23.4, 22.4, 22.2, 21.4, 20.3; HRMS (FAB) m/z (M+H)+ calcd for 
[C14H24O2+H]+ 225.1855, found 225.1854. This material was subjected to the next step without further 
purification. 
 
(1R*,3R*)-4-Isobutyl-2,2,6,6-tetramethylcyclohex-4-ene-1,3-diol (118) and (1R*,3S*)-4-
Isobutyl-2,2,6,6-tetramethylcyclohex-4-ene-1,3-diol (118 isomer) 
 
To a solution of 117 (571 mg, 2.55 mmol) in THF (20 mL) was added LiAlH4 (290 mg, 7.64 
mmol) at room temperature. The mixture was stirred for 3 h, quenched with 1N HCl (100 mL) at 5 °C, 
and extracted with AcOEt (30 mL × 3). The combined organic layers were washed with 1N HCl (50 
mL × 1), brine (50 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated 
under reduced pressure. The residue was purified by flash chromatography on silica gel 
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(hexane/AcOEt = 9:1 to 7:3) to give 118 (283 mg, 49%) as a colorless oil and 118 isomer (92.0 mg, 
16%) as a colorless oil; 
 
118: FTIR (neat) 3442, 2954, 2925, 2870, 1465, 1383, 1366, 1050, 1027, 1002, 994, 916, 737 cm−1; 
1H NMR (300 MHz, CDCl3) δ 5.18 (s, 1 H), 3.62 (s, 1 H), 3.53 (s, 1 H), 2.13 (dd, J = 18.1, 9.0 Hz, 1 
H), 1.77–1.67 (m, 2 H), 1.11 (s, 3 H), 1.08 (s, 3 H), 0.99 (s, 3 H), 0.92 (d, J = 6.2 Hz, 3 H), 0.85 (s, 3 
H), 0.84 (d, J = 6.2 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 136.0, 133.7, 77.5, 77.2, 44.4, 39.7, 37.3, 
31.4, 26.4, 24.2, 23.2, 21.7, 21.6, 20.0; HRMS (ESI) m/z (M−H)− calcd for [C14H26O2−H]− 225.1860, 
found 225.1859. 
118 isomer: FTIR (neat) 3357, 2954, 2868, 1465, 1383, 1366, 1021, 1003, 735 cm−1; 1H NMR (300 
MHz, CDCl3) δ 5.09 (s, 1 H), 3.57 (s, 1 H), 3.24 (s, 1 H), 2.21 (dd, J = 12.5, 3.6 Hz, 1 H), 1.74 (m, 1 
H), 1.69 (m, 1 H), 1.09 (s, 3 H), 1.03 (s, 6 H), 0.99 (s, 3 H), 0.91 (d, J = 6.3 Hz, 3 H), 0.81 (d, J = 6.3 
Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 134.2, 132.2, 81.3, 75.6, 43.9, 39.4, 37.5, 29.8, 26.2, 26.0, 
25.6, 23.3, 21.7, 20.3; HRMS (ESI) m/z (M+H)+ calcd for [C14H26O2+Na]+ 249.1825, found 249.1825. 
 
 (1R*,5R*)-5-Hydroxy-2-isobutyl-4,4,6,6-tetramethylcyclohex-2-en-1-yl 2-(dimethoxyphosphor 
yl)acetate (119), (1R*,5R*)-5-Hydroxy-4-isobutyl-2,2,6,6-tetramethylcyclohex-3-en-1-yl 2-
(dimethoxyphosphoryl)acetate (120), and (1R*,3R*)-4-Isobutyl-2,2,6,6-tetramethylcyclohex-4-
ene-1,3-diyl bis(2-(dimethoxyphosphoryl)acetate) (121) 
 
To a solution of 118 (341 mg, 1.51 mmol) in CH2Cl2 (10 mL) were added 1008) (304 mg, 
1.81 mmol), DMAP (221 mg, 1.81 mmol), and EDCI (347 mg, 1.81 mmol) at room temperature. The 
mixture was stirred for 16 h, quenched with sat. NaHCO3 aq. (20 mL), and extracted. The organic 
layer was separated, washed with 10% citric acid aq. (20 mL × 1), brine (20 mL × 2), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue 
was purified by flash chromatography on silica gel (hexane/AcOEt = 3:7 to 0:10) to give 119 (181 mg, 
32%), 120 (54.0 mg, 10%), 121 (45.0 mg, 6%), and with recovery of the starting material 118 (119 
mg, 35%); 
 
119: FTIR (neat) 3437, 2955, 1729, 1465, 1267, 1057, 1032, 970, 921, 970, 849, 807 cm−1; 1H NMR 
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(300 MHz, CDCl3) δ 5.26 (s, 1 H), 5.07 (s, 1 H), 3.72 (d, J = 11.4 Hz, 3 H), 3.71 (d, J = 11.4 Hz, 3 H), 
3.54 (s, 1 H), 2.91 (d, J = 21.6 Hz, 2 H), 1.85 (dd, J = 12.9, 3.3 Hz, 1 H), 1.64 (m, 1 H), 1.56 (dd, J = 
12.9, 9.0 Hz, 1 H), 1.02 (s, 3 H), 0.95 (s, 6 H), 0.88 (s, 3 H), 0.82 (d, J = 6.3 Hz, 3 H), 0.75 (d, J = 6.3 
Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 165.4 (d, 2JCP = 6.0 Hz), 138.9, 129.3, 79.0, 76.9, 52.92 (d, 
2JCP = 6.0 Hz), 52.91 (d, 2JCP = 6.0 Hz), 43.7, 39.0, 37.2, 33.1 (d, 1JCP = 134.3 Hz), 31.0, 25.9, 23.4, 
23.0, 21.4 × 2, 19.7; HRMS (ESI) m/z (M+H)+ calcd for [C18H33O6P+H]+ 377.2088, found 377.2087. 
120: FTIR (neat) 3420, 2955, 1734, 1465, 1274, 1116, 1034, 916 cm−1; 1H NMR (300 MHz, CDCl3) 
δ 5.15 (s, 2 H), 3.811 (d, J = 11.4 Hz, 3 H), 3.810 (d, J = 11.1 Hz, 3 H), 3.55 (s, 1 H), 3.04 (d, J = 21.6 
Hz, 2 H), 2.15 (m, 1 H), 1.80–1.66 (m, 2 H), 1.04 (s, 3 H), 1.01 (s, 3 H), 1.00 (s, 3 H), 0.93 (s, 3 H), 
0.92 (d, J = 6.3 Hz, 3 H), 0.84 (d, J = 6.3 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 165.5 (d, 2JCP = 6.8 
Hz), 135.0, 134.0, 80.6, 76.8, 53.0 (d, 2JCP = 6.8 Hz) × 2, 44.2, 39.5, 37.2, 33.3 (d, 1JCP = 133.5 Hz), 
30.9, 26.4, 23.4, 23.2, 22.8, 21.7, 21.2; HRMS (ESI) m/z (M+H)+ calcd for [C18H33O6P+H]+ 377.2088, 
found 377.2087. 
121: FTIR (neat) 2957, 1734, 1465, 1269, 1116, 1032, 974, 923 cm−1; 1H NMR (300 MHz, CDCl3) δ 
5.29 (s, 1 H), 5.15 (s, 1 H), 5.11 (s, 1 H), 3.80 (d, J = 11.4 Hz, 9 H), 3.78 (d, J = 11.4 Hz, 3 H), 3.03 
(d, J = 21.9 Hz, 2 H), 2.99 (d, J = 21.6 Hz, 2 H), 1.94 (dd, J = 12.3, 2.7 Hz, 1 H), 1.75–1.61 (m, 2 H), 
1.05 (s, 3 H), 1.02 (s, 3 H), 1.01 (s, 3 H), 0.90 (s, 3 H), 0.89 (d, J = 6.3 Hz, 3 H), 0.81 (d, J = 6.3 Hz, 
3 H); 13C NMR (75 MHz, CDCl3) δ 165.5 (d, 2JCP = 6.8 Hz), 165.4 (d, 2JCP = 6.8 Hz), 137.8, 130.0, 
80.3, 78.1, 53.04 (d, 2JCP = 6.0 Hz) × 2, 52.99 (d, 2JCP = 6.0 Hz) × 2, 43.6, 38.7, 37.2, 33.3 (d, 1JCP = 
133.5 Hz), 33.2 (d, 1JCP = 133.5 Hz), 30.7, 26.0, 23.1, 22.7 × 2, 21.6, 20.9; HRMS (ESI) m/z (M+Na)+ 
calcd for [C22H40O10P2+Na]+ 549.1989, found 549.1986. 
 
(1R*,5R*)-5-Acetoxy-2-isobutyl-4,4,6,6-tetramethylcyclohex-2-en-1-yl 2-(dimethoxyphosphor 
yl) acetate (122) 
 
To a solution of 119 (181 mg, 481 mol) in CH2Cl2 (3.0 mL) were added AcOH (55 L, 961 
mol), DMAP (117 mg, 958 mol), and EDCI (184 mg, 960 mol) at room temperature. The mixture 
was stirred for 13 h, washed with 10% citric acid aq. (2 mL × 2), water (2 mL × 1), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give 122 (168 
mg, 83%) as a colorless oil; FTIR (neat) 2957, 1733, 1368, 1267, 1236, 1111, 1028, 971, 927, 875, 
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848, 803, 733 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.25 (s, 1 H), 5.11 (s, 1 H), 5.01 (s, 1 H), 3.76 (d, 
J = 11.4 Hz, 3 H), 3.74 (d, J = 11.4 Hz, 3 H), 2.95 (d, J = 21.6 Hz, 2 H), 2.06 (s, 3 H), 1.90 (dd, J = 
12.8, 3.0 Hz, 1 H), 1.71–1.56 (m, 2 H), 0.96 (s, 6 H), 0.94 (s, 3 H), 0.84 (d, J = 6.3 Hz, 3 H), 0.82 (s, 
3 H), 0.77 (d, J = 6.3 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.7, 165.5 (d, 2JCP = 6.0 Hz), 137.7, 
129.9, 78.3, 78.0, 52.92 (d, 2JCP = 6.0 Hz), 52.89 (d, 2JCP = 6.0 Hz), 43.5, 38.5, 36.9, 33.1 (d, 1JCP = 
133.5 Hz), 30.7, 25.9, 23.0, 22.9, 22.7, 21.5, 21.0, 20.7; HRMS (ESI) m/z (M+H)+ calcd for 




cinnamate (123) and (1R*,3S*,5S*,6S*)-3-Acetoxy-5,6-dihydroxy-6-isobutyl-2,2,4,4-
tetramethylcyclohexyl cinnamate (124) 
 
To a solution of 122 (139 mg, 332 mol) in pyridine (1.5 mL) was added OsO4 (156 mg, 
614 mol) at room temperature. The mixture was stirred for 23 h at 50 °C, quenched with 10% 
NaHSO3 aq. (2 mL), and extracted with AcOEt (2 mL × 1). The organic layer was separated, and 
washed with 10% NaHSO3 aq. (1.5 mL × 3). The combined aqueous layers were extracted with AcOEt 
(3 mL × 1). The combined organic layers were dried over anhydrous MgSO4, and filtered. The filtrate 
was concentrated under reduced pressure to give a mixture of the corresponding osmate of 123 and 
124. THF (5.0 mL), water (1.0 mL), and solid NaHSO3 (362 mg) were added to the residue, and stirred 
for 1 h at room temperature. The mixture was added brine (5 mL), and extracted with AcOEt (5 mL × 
3). The combined organic layers were washed with brine (10 mL × 1), dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure to give diol (93.0 mg). LiCl (9.6 mg, 
226 mol), DBU (34 L, 227 mol), and benzaldehyde (23 L, 226 mol) were added to a solution 
of the crude diol (93.0 mg, 206 mol) in CH3CN (3.0 mL) at room temperature. The mixture was 
stirred for 16 h at room temperature, quenched with water (1.5 mL), and extracted with AcOEt (1.5 
mL × 1). The organic layer was separated, and washed with 10% citric acid aq. (1.5 mL × 1). The 
combined aqueous layers were extracted with AcOEt (1.5 mL × 1). The combined organic layers were 
washed with brine (1 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated 
under reduced pressure. The residue was purified by preparative TLC on silica gel 
(hexane/diisopropylether = 3:7) to give 123 (8.0 mg, 6% in 2 steps) as a colorless oil and 124 (32 mg, 
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22% in 2 steps) as a colorless oil. 
 
123: FTIR (neat) 3488, 2958, 1718, 1636, 1369, 1336, 1315, 1252, 1203, 1163, 1025, 980, 768, 734 
cm−1; 1H NMR (300 MHz, CDCl3) δ 7.71 (d, J = 15.9 Hz, 1 H), 7.57 (m, 2 H), 7.40 (m, 3 H), 6.48 (d, 
J = 15.9 Hz, 1 H), 5.22 (s, 1 H), 4.96 (s, 1 H), 3.45 (s, 1 H), 2.13 (s, 3 H), 1.87 (m, 1 H), 1.65 (dd, J = 
14.7, 9.3 Hz, 1 H), 1.44 (dd, J = 14.7, 2.7 Hz, 1 H), 1.34 (s, 3 H), 1.16 (s, 3 H), 1.027 (s, 3 H), 1.026 
(d, J = 6.6 Hz, 3 H), 0.83 (s, 3 H), 0.79 (d, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.9, 
165.9, 146.1, 134.1, 130.6, 128.9 × 2, 128.3 × 2, 117.4, 78.9, 78.1, 78.0, 77.7, 45.4, 41.4, 39.8, 29.3, 
27.0, 25.6, 24.6, 22.7, 20.9, 20.7, 15.9; HRMS (ESI) m/z (M+H)+ calcd for [C25H36O6+H]+ 433.2585, 
found 433.2584. 
124: FTIR (neat) 3503, 2961, 1715, 1636, 1372, 1239, 1162, 1012, 965, 909, 865, 802, 767, 732 cm−1; 
1H NMR (300 MHz, CDCl3) δ 7.76 (d, J = 15.9 Hz, 1 H), 7.57 (m, 2 H), 7.41 (m, 3 H), 6.54 (d, J = 
15.9 Hz, 1 H), 5.22 (s, 1 H), 4.89 (s, 1 H), 3.55 (s, 1 H), 2.12 (s, 3 H), 1.80 (m, 1 H), 1.59 (dd, J = 
14.3, 6.6 Hz, 1 H), 1.39 (dd, J = 14.3, 4.5 Hz, 1 H), 1.36 (s, 3 H), 1.30 (s, 3 H), 1.02 (s, 3 H), 0.97 (d, 
J = 6.6 Hz, 3 H), 0.91 (d, J = 6.6 Hz, 3 H), 0.86 (s, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.3, 166.2, 
146.0, 134.1, 130.6, 129.0 × 2, 128.2 × 2, 117.3, 84.6, 77.9, 76.2, 74.0, 46.5, 40.1, 39.9, 27.6, 24.8, 






To a solution of 123 (10.0 mg, 23.1 mol) in CH2Cl2–water (1:1, 2.0 mL) were added 1-Me-
AZADO (0.2 mg, 1.20 mol), KBr (30 mg), and NaOCl–5% NaHCO3 aq. (1:1, 1.0 mL) at 5 °C. The 
mixture was stirred for 30 min at 5 °C. The organic layer was separated, and the aqueous layere was 
extracted with CH2Cl2 (1 mL × 1). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by 
preparative TLC on silica gel (hexane/diisopropylether = 1:1) to give 2a (6.0 mg, 60%) as a colorless 
oil; FTIR (neat) 3489, 2982, 2954, 1717, 1636, 1450, 1374, 1332, 1308, 1233, 1156, 1034, 994, 913, 
767, 735 cm−1; 1H NMR (600 MHz, CDCl3) δ 7.79 (d, J = 16.0 Hz, 1 H), 7.59 (m, 2 H), 7.41 (m, 3 H), 
6.53 (d, J = 16.0 Hz, 1 H), 5.37 (s, 1 H), 5.25 (s, 1 H), 3.51 (brs, 1 H), 2.14 (s, 3 H), 1.76 (dd, J = 14.5, 
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5.2 Hz, 1 H), 1.66 (m, 1 H), 1.54 (dd, J = 14.5, 5.9 Hz, 1 H), 1.36 (s, 3 H), 1.17 (s, 3 H), 1.02 (s, 3 H), 
0.98 (s, 3 H), 0.91 (d, J = 6.6 Hz, 3 H), 0.88 (d, J = 6.6 Hz, 3 H); 13C NMR (150 MHz, CDCl3) δ 216.8, 
170.7, 166.0, 146.3, 134.1, 130.6, 128.9 × 2, 128.3 × 2, 117.1, 79.9, 79.7, 79.2, 47.8, 44.3, 39.4, 27.3, 
24.9, 24.8, 23.9, 23.6, 22.0, 21.0, 20.7; HRMS (FAB) m/z (M+Na)+ calcd for [C25H34O6+Na]+ 





To a solution of 124 (23.0 mg, 53.2 mol) in CH2Cl2 (2.0 mL) were added DMSO (19 L, 
268 mol), i-Pr2NEt (46 L, 267 mol), and SO3·pyridine complex (42.0 mg, 264 mol) at room 
temperature. The mixture was stirred for 6 h at room temperature, washed with 10% citric acid (2 mL 
× 2), sat. NaHCO3 aq. (2 mL × 3), dried over anhydrous MgSO4, and filtered. The filtrate was 
concentrated under reduced pressure. The residue was purified by preparative TLC on silica gel 
(hexane/AcOEt = 8:2) to give 2b (5.0 mg, 22%) as a colorless oil and with recovery of the starting 
material 124 (3.0 mg, 10%); FTIR (neat) 3472, 2982, 2954, 1716, 1636, 1450, 1373, 1307, 1281, 1164, 
1059, 1003, 983, 912, 767, 735 cm−1; 1H NMR (600 MHz, CDCl3) δ 7.73 (d, J = 16.0 Hz, 1 H), 7.55 
(m, 2 H), 7.39 (m, 3 H), 6.51 (d, J = 16.0 Hz, 1 H), 5.42 (s, 1 H), 5.01 (s, 1 H), 3.36 (brs, 1 H), 2.18 
(s, 3 H), 1.94 (dd, J = 14.6, 7.2 Hz, 1 H), 1.76 (dd, J = 14.6, 5.0 Hz, 1 H), 1.66 (m, 1 H), 1.36 (s, 3 H), 
1.18 (s, 3 H), 1.07 (s, 3 H), 1.02 (s, 3 H), 0.95 (d, J = 6.5 Hz, 3 H), 0.87 (d, J = 6.5 Hz, 3 H); 13C NMR 
(150 MHz, CDCl3) δ 216.0, 170.3, 166.4, 146.0, 134.2, 130.5, 128.9 × 2, 128.2 × 2, 117.3, 80.7, 79.3, 
78.1, 47.8, 47.0, 39.2, 28.0, 24.4, 24.2, 24.1, 23.8, 23.4, 22.5, 20.7; HRMS (FAB) m/z (M+Na)+ calcd 
for [C25H34O6+Na]+ 453.2248, found 453.2247. 
 
4-Isobutyl-2,2,6,6-tetramethyl-5-oxocyclohex-3-en-1-yl acetate (125) 
 
To a solution of 117 (706 mg, 3.15 mmol) in pyridine (10 mL) was added Ac2O (2.9 mL, 
30.7 mmol) at room temperature. The mixture was stirred for 21 h at 40 °C, and concentrated under 
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reduced pressure. The residue was purified by flash chromatography on silica gel (hexane/AcOEt = 
15:1) to give 125 (839 mg, quant.) as a colorless oil; FTIR (neat) 2958, 1744, 1675, 1464, 1366, 1234, 
1102, 1030, 908, 733 cm−1; 1H NMR (300 MHz, CDCl3) δ 6.22 (brs, 1 H), 5.02 (s, 1 H), 2.12 (s, 3 H), 
2.04 (m, 2 H), 1.68 (m, 1 H), 1.16, (s, 3 H), 1.11 (s, 3 H), 1.100 (s, 3 H), 1.096 (s, 3 H), 0.83 (d, J = 
6.7 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 202.1, 170.4, 151.1, 133.8, 79.7, 46.6, 39.1, 37.4, 29.7, 
27.2, 23.9, 23.4, 22.33, 22.26, 21.7, 20.8; HRMS (EI) m/z (M)+ calcd for [C16H26O3]+ 266.1882, found 
266.1884. This material was subjected to the next step without further purification. 
 
(1R*,5S*)-5-Hydroxy-4-isobutyl-2,2,6,6-tetramethylcyclohex-3-en-1-yl acetate (126) 
 
To a solution of 125 (843 mg, 3.16 mmol) in MeOH (10 mL) was added NaBH4 (599 mg, 
15.8 mmol) at room temperature. The mixture was stirred for 10 min, quenched with brine (15 mL), 
and extracted with AcOEt (15 mL × 1, 10 mL × 1). The combined organic layers were washed with 
brine (15 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under 
reduced pressure. The residue was purified by flash chromatography on silica gel (hexane/AcOEt = 
15:1) to give 126 (677 mg, 80%) as a colorless oil; FTIR (neat) 3479, 2957, 2868, 1739, 1719, 1465, 
1367, 1240, 1068, 1025, 978 cm−1; 1H NMR (300 MHz, CDCl3) δ 5.10 (s, 1 H), 4.79 (s, 1 H), 3.67 (s, 
1 H), 2.27 (dd, J = 13.0, 4.4 Hz, 1 H), 2.09 (s, 3 H), 1.76 (m, 1 H), 1.65 (dd, J = 13.0, 9.3 Hz, 1 H), 
1.00 (s, 3 H), 0.970 (s, 3 H), 0.965 (s, 3 H), 0.957 (s, 3 H), 0.91 (d, J = 6.4 Hz, 3 H), 0.81 (d, J = 6.4 
Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.5, 134.8, 132.1, 81.2, 75.1, 43.4, 39.3, 36.8, 30.1, 26.2, 






To a solution of 126 (675 mg, 2.51 mmol) in CH2Cl2 (10 mL) were added 1008) (507 mg, 
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3.02 mmol), DMAP (31 mg, 0.25 mmol), and EDC (532 L, 3.02 mmol) at room temperature. The 
mixture was stirred for 24 h, washed with 10% citric acid aq. (5 mL × 4), sat. NaHCO3 aq. (5 mL × 3), 
brine (5 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under 
reduced pressure. The residue was purified by flash chromatography on silica gel (hexane/AcOEt = 
10:1 to 1:1) to give 127 (283 mg, 27%) and with recovery of the starting material 126 (118 mg, 17%); 
FTIR (neat) 2958, 2869, 1739, 1466, 1371, 1240, 1114, 1033, 982 cm−1; 1H NMR (300 MHz, CDCl3) 
δ 5.40 (s, 1 H), 5.21 (s, 1 H), 4.81 (s, 1 H), 3.78 (d, J = 11.3 Hz, 6 H), 2.99 (dd, J = 21.8, 1.7 Hz, 2 H), 
2.10 (s, 3 H), 1.96(m, 1 H), 1.56 (m, 2 H), 1.00 (s, 3 H), 0.964 (s, 3 H), 0.957 (s, 3 H), 0.85 (s, 3 H), 
0.84 (d, J = 6.2 Hz, 3 H), 0.78 (d, J = 6.2 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.7, 165.3 (d, 2JCP 
= 6.2 Hz), 134.7, 131.1, 79.4, 77.8, 53.00 (d, 2JCP = 6.3 Hz), 52.97 (d, 2JCP = 6.3 Hz), 42.2, 39.7, 37.0, 
33.2 (d, 1JCP = 134.1 Hz), 30.9, 26.0, 24.6, 23.3, 23.0, 21.6, 20.7, 17.4; HRMS (ESI) m/z (M+H)+ calcd 
for [C20H35O7P+H]+ 419.2193, found 419.2195. 
 
(1R*,3R*,5R*,6R*)-3-Acetoxy-5,6-dihydroxy-6-isobutyl-2,2,4,4-tetramethylcyclohexyl 
cinnamate (128) and (1R*,3R*,5S*,6S*)-3-Acetoxy-5,6-dihydroxy-6-isobutyl-2,2,4,4-
tetramethylcyclohexyl cinnamate (129) 
 
To a solution of 127 (283 mg, 0.68 mmol) in pyridine (5.0 mL) was added OsO4 (258 mg, 
1.01 mmol) at room temperature. The mixture was stirred for 20 h at 55 °C. The mixture was cooled 
to room temperature, then quenched with 10% NaHSO3 aq. (15 mL), and extracted with AcOEt (15 
mL × 1). The organic layer was separated, and washed with 10% NaHSO3 aq. (15 mL × 1). The 
combined aqueous layers were added to brine (10 mL), and extracted with AcOEt (10 mL × 1). The 
combined organic layers were washed with brine (15 mL × 1), dried over anhydrous MgSO4, and 
filtered. The filtrate was concentrated under reduced pressure to give a mixture of the corresponding 
osmate of 128 and 129. THF (5.0 mL), water (2.0 mL), and solid NaHSO3 (982 mg) were added to the 
residue, stirred for 1.5 h at room temperature. The mixture was extracted with AcOEt (5 mL × 2). The 
combined organic layers were washed with brine (5 mL × 1), dried over anhydrous MgSO4, and 
filtered. The filtrate was concentrated under reduced pressure to give diol (190 mg). LiCl (20.0 mg, 
0.47 mmol), DBU (69 L, 0.46 mmol), and benzaldehyde (47 L, 0.46 mmol) were added to a solution 
of the crude diol (190 mg, 0.42 mmol) in CH3CN (5 mL) at room temperature. The mixture was stirred 
for 15 h at room temperature. The mixture was added to water (4 mL), and extracted with AcOEt (4 
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mL × 1). The organic layer was separated, and washed with 10% citric acid aq. (4 mL × 1). The 
combined aqueous layers were extracted with AcOEt (1.5 mL × 2). The combined organic layers were 
washed with brine (3 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated 
under reduced pressure. The residue was purified by flash chromatography on silica gel 
(hexane/AcOEt = 10:1 to 8:2) to give 128 (46.0 mg, 16% in 2 steps) as a colorless oil and 129 (32.0 
mg, 11% in 2 steps) as a colorless oil; 
 
128: FTIR (neat) 3501, 2956, 1713, 1636, 1372, 1245, 1166, 1023, 914, 767, 734 cm−1; 1H NMR (300 
MHz, CDCl3) δ 7.75 (d, J = 16.0 Hz, 1 H), 7.55 (m, 2 H), 7.40 (m, 3 H), 6.49 (d, J = 16.0 Hz, 1 H), 
5.14 (s, 1 H), 5.04 (s, 1 H), 3.66 (s, 1 H), 2.09 (s, 3 H), 1.88 (m, 1 H), 1.74 (dd, J = 14.9, 6.2 Hz, 1 H), 
1.61 (dd, J = 14.9, 5.8 Hz, 1 H), 1.17 (s, 3 H), 1.15 (s, 3 H), 1.09 (s, 3 H), 1.02 (s, 3 H), 0.97 (d, J = 
6.5 Hz, 3 H), 0.90 (d, J = 6.5 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.4, 167.3, 145.6, 134.1, 130.6, 
129.0 × 2, 128.2 × 2, 117.5, 80.5, 77.7, 76.9, 75.0, 44.1, 40.1, 39.8, 28.9, 28.4, 25.2, 24.94, 24.85, 24.2, 
23.4, 20.8; HRMS (ESI) m/z (M+H)+ calcd for [C25H36O6+H]+ 433.2585, found 433.2588. 
129: FTIR (neat) 3488, 2963, 1716, 1636, 1450, 1370, 1244, 1203, 1163, 1024, 1009, 767, 733 cm−1; 
1H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 16.0 Hz, 1 H), 7.56 (m, 2 H), 7.40 (m, 3 H), 6.55 (d, J = 
16.0 Hz, 1 H), 4.96 (s, 1 H), 4.67 (s, 1 H), 3.28 (s, 1 H), 2.15 (s, 3 H), 1.73 (m, 1 H), 1.53 (dd, J = 
14.1, 7.1 Hz, 1 H), 1.35 (dd, J = 14.1, 3.6 Hz, 1 H), 1.24 (s, 3 H), 1.18 (s, 3 H), 0.99 (s, 3 H), 0.96 (d, 
J = 6.5 Hz, 3 H), 0.87 (d, J = 6.5 Hz, 3 H), 0.81 (s, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.6, 166.0, 
146.1, 134.1, 130.6, 128.9 × 2, 128.2 × 2, 117.1, 79.3, 77.8, 76.5, 75.1, 46.5, 41.12, 41.10, 29.1, 28.5, 






To a solution of 128 (44.0 mg, 102 mol) in CH2Cl2–water (1:1, 4.0 mL) were added 1-Me-
AZADO (0.8 mg, 4.81 mol), KBr (18.0 mg), and NaOCl–5% NaHCO3 aq. (1:1, 2.0 mL) at 5 °C. The 
mixture was stirred for 30 min at 5 °C. The organic layer was separated, and the aqueous layer was 
extracted with CH2Cl2 (1 mL × 1). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by 
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preparative TLC on silica gel (hexane/AcOEt = 8:2) to give 2c (21.0 mg, 48%) as a colorless oil; FTIR 
(neat) 3446, 2957, 2872, 1715, 1635, 1370, 1258, 1235, 1156, 1023, 909, 798, 767, 731 cm−1; 1H NMR 
(600 MHz, CDCl3) δ 7.75 (d, J = 16.0 Hz, 1 H), 7.55 (m, 2 H), 7.40 (m, 3 H), 6.48 (d, J = 16.0 Hz, 1 
H), 5.20 (s, 1 H), 5.11 (s, 1 H), 3.31 (brs, 1 H), 2.16 (s, 3 H), 1.81 (m, 2 H), 1.69 (m, 1 H), 1.29 (s, 3 
H), 1.22 (s, 3 H), 1.12 (s, 3 H), 1.08 (s, 3 H), 0.94 (d, J = 6.6 Hz, 3 H), 0.90 (d, J = 6.6 Hz, 3 H); 13C 
NMR (150 MHz, CDCl3) δ 214.2, 170.2, 165.8, 145.9, 134.2, 130.6, 128.9 × 2, 128.2 × 2, 117.4, 80.4, 
79.5 × 2, 48.2, 42.6, 39.6, 28.5, 26.9, 24.8, 24.5, 23.7, 21.8, 20.7, 19.7; HRMS (ESI) m/z (M+H)+ calcd 





To a solution of 129 (30.0 mg, 69.4 mol) in CH2Cl2 (2 mL) were added DMSO (25 L, 
352 mol), i-Pr2NEt (60 L, 349 mol), and SO3·pyridine complex (55.0 mg, 346 mol) at room 
temperature. The mixture was stirred for 15 h, then heated to reflux for 8 h, then cooled to room 
temperature. The mixture was washed with 10 % citric acid aq. (2 mL × 3), sat. NaHCO3 aq. (2 mL × 
3), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. 
The residue was purified by preparative TLC on silica gel (hexane/diisopropyl ether = 6:4) to give 2d 
(10.0 mg, 33%) as a colorless oil; FTIR (neat) 3501, 2959, 2872, 1747, 1714, 1636, 1372, 1237, 1164, 
1031, 1002, 913, 767, 735 cm−1; 1H NMR (600 MHz, CDCl3) δ 7.68 (d, J = 16.0 Hz, 1 H), 7.52 (m, 2 
H), 7.39 (m, 3 H), 6.42 (d, J = 16.0 Hz, 1 H), 5.36 (s, 1 H), 5.21 (s, 1 H), 3.54 (s, 1 H), 2.17 (s, 3 H), 
1.91 (dd, J = 13.8, 5.7 Hz, 1 H), 1.76 (m, 1 H), 1.73 (m, 1 H), 1.31 (s, 3 H), 1.23 (s, 3 H), 1.14 (s, 3 
H), 0.99 (s, 3 H), 0.97 (d, J = 6.5 Hz, 3 H), 0.87 (d, J = 6.5 Hz, 3 H); 13C NMR (150 MHz, CDCl3) δ 
215.6, 170.5, 166.1, 145.9, 134.2, 130.5, 128.9 × 2, 128.2 × 2, 117.2, 79.6, 79.40, 79.37, 77.83, 77.81, 
47.6, 45.9, 39.3, 28.0, 27.2, 24.5, 24.1, 24.0, 21.7, 20.7, 19.4; HRMS (ESI) m/z (M+H)+ calcd for 
[C25H34O6+H]+ 431.2428, found 431.2428. 
 
(1S,3R,5S,6S)-3-Acetoxy-5,6-dihydroxy-6-isopentyl-2,2,4,4-tetramethylcyclohexyl cinnamate 





rac-105 (120 mg) was separated by HPLC (CHIRALPAK IA 10 × 250 mm, 5.0 mL/ min, 
40 °C, eluted with hexane/2-propanol = 95:5, 254 nm) to give 105a (59.0 mg, 49%) and 105b (52.0 
mg, 43%). 105a []28D −43.2 (c 0.8, CHCl3); 105b []28D +49.9 (c 0.8, CHCl3). 
 
Figure 2-11. HPLC Chromatogram for rac-105 
 
(1S,3S,5S,6R)-3-Acetoxy-5-(cinnamoyloxy)-6-hydroxy-6-isopentyl-2,2,4,4-
tetramethylcyclohexyl 4-bromobenzoate (130a) 
 
To a solution of 105a (40.0 mg, 89.6 mol) in CH2Cl2 (2.0 mL) were added 4-bromobenzoic 
acid (27.0 mg, 134 mol), DMAP (33.0 mg, 270 mol), and EDCI (43.0 mg, 224 mol) at room 
temperature. The mixture was stirred for 24 h, washed with 10% citric acid aq. (2 mL × 1), sat. 
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NaHCO3 aq. (2 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated 
under reduced pressure to give 130a (44.0 mg, 78%); FTIR (neat) 3505, 2957, 1724, 1636, 1591, 1369, 
1268, 1160, 1101, 1012, 767, 755, 735 cm−1; 1H NMR (300 MHz, CDCl3) δ7.97 (d, J = 8.7 Hz, 2 H), 
7.75 (d, J = 15.9 Hz, 1 H), 7.64 (d, J = 8.7 Hz, 2 H), 7.61 (m, 2 H), 7.42 (m, 3 H), 6.57 (d, J = 15.9 
Hz, 1 H), 5.30 (s, 1 H), 5.19 (s, 1 H), 5.10 (s, 1 H), 2.14 (s, 3 H), 1.65 (s, 1 H), 1.55 (m, 1 H), 1.41(s, 
3 H), 1.37 (s, 3 H), 1.29–1.17 (m, 4 H), 0.90 (s, 3 H), 0.87 (s, 3 H), 0.73 (d, J = 6.0 Hz, 3 H), 0.73 (d, 
J = 6.0 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 170.6, 165.8, 165.3, 146.3, 134.1, 132.0 × 2, 131.3 × 
2, 130.6, 128.9 × 2, 128.7, 128.5, 128.4 × 2, 117.3, 79.1, 78.5, 77.6, 77.1, 41.6, 39.9, 35.0, 30.4, 28.8, 
28.2, 27.0, 22.8, 22.1, 20.8, 20.6, 17.2; HRMS (ESI) m/z (M+Na)+ calcd for [C33H41BrO7+Na]+ 
651.1928, found 651.1927; []24D +44.4 (c 1.0, CHCl3).  
130a was recrystallized from CH3CN to afford single crystals of 130a (mp 194 °C). The 
structure of 130a was determined by X-ray crystallographic analysis. The value of absolute 
configuration parameter of –0.012(6) shows that the absolute stereochemistry is 1S, 3S, 5S, 6R as an 
ORTEP. CCDC 1039801 contains the supplementary crystallographic data. These data can be obtained 
free of charge from The Cambridge Crystallographic Data Centre via www. 
ccdc.cam.ac.uk/data_request/cif. 
 
ORTEP view of 130a 
 
(1R,3R,5R,6S)-3-Acetoxy-5-(cinnamoyloxy)-6-hydroxy-6-isopentyl-2,2,4,4-tetramethylcyclohex 




To a solution of 105b (44.0 mg, 98.5 mol) in CH2Cl2 (2 mL) were added 4-bromobenzoic 
acid (30.0 mg, 149 mol), DMAP (36.0 mg, 295 mol), and EDCI (52.0 mg, 271 mol) at room 
temperature. The mixture was stirred for 24 h, washed with 10% citric acid aq. (2 mL × 1), sat. 
NaHCO3 aq. (2 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated 
under reduced pressure to give 130b (55.0 mg, 89%); []24D −43.3 (c 1.0, CHCl3). The spectral data 
of 130b were identical with those of 130a except for the optical rotation. 
130b was recrystallized from CH3CN to afford single crystals of 130b (mp 194 °C). The 
structure of 130b was determined by X-ray crystallographic analysis. The value of absolute 
configuration parameter of –0.016(6) shows that the absolute stereochemistry is 1R, 3R, 5R, 6S as an 
ORTEP. CCDC 1039802 contains the supplementary crystallographic data. These data can be obtained 
free of charge from The Cambridge Crystallographic Data Centre via www. 
ccdc.cam.ac.uk/data_request/cif. 
 
ORTEP view of 130b 
 
(1R*,3R*,4S*,5S*)-3,4,5-Trihydroxy-4-isopentyl-2,2,6,6-tetramethylcyclohexyl acetate (131), 
(1R*,3R*,4R*,5R*)-3,4,5-Trihydroxy-4-isopentyl-2,2,6,6-tetramethylcyclohexyl acetate (133), 





To a solution of 108 (30.0 mg, 106 mol) in pyridine (1.0 mL) was added OsO4 (41.0 mg, 
161 mol) at room temperature. The mixture was stirred for 21 h at 40 °C, quenched with 10% 
NaHSO3 aq. (3 mL), and extracted with AcOEt (3 mL × 2). The combined organic layers were washed 
with 10% NaHSO3 aq. (3 mL × 1) and brine (3 mL × 1), dried over anhydrous MgSO4, and filtered. 
The filtrate was concentrated under reduced pressure to give a mixture of the corresponding osmate 
of 131, 133, and 134. THF (3.0 mL), water (2.0 mL), and solid NaHSO3 (135 mg) were added to the 
residue, and stirred for 30 min at room temperature. The mixture was extracted with AcOEt (3 mL ×  
2). The combined organic layers were washed with brine (3 mL × 1), dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by 
preparative TLC on silica gel (hexane/AcOEt = 8:2) to give 131 (6.0 mg, 18%), 133 (7.0 mg, 21%), 
and 134 (14.0 mg, 42%).  
 
131: FTIR (neat) 3416, 2960, 1734, 1465, 1366, 1253, 1233, 1024, 1006, 993, 977, 729 cm−1; 1H NMR 
(300 MHz, CDCl3) δ 4.49 (s, 1 H), 3.21 (brd, J = 6.6 Hz, 2 H), 2.14 (s, 3 H), 2.06 (brd, J = 6.6 Hz, 2 
H), 1.69 (m, 2 H), 1.51 (m, 1 H), 1.15 (m, 2 H), 1.11 (s, 6 H), 0.94 (s, 6 H), 0.90 (d, J = 6.6 Hz, 6 H); 
13C NMR (75 MHz, CDCl3) δ 170.9, 79.9, 77.7, 74.2 × 2, 40.8 × 2, 35.4, 33.7, 28.9 × 2, 28.6, 22.6 × 
2, 20.8, 15.6 × 2; HRMS (ESI) m/z (M+Na)+ calcd for [C17H32O5+Na]+ 339.2142, found 339.2142. 
133: FTIR (neat) 3446, 2958, 1718, 1457, 1374, 1260, 1092, 1024, 983, 803, 735 cm−1; 1H NMR (300 
MHz, CDCl3) δ 4.97 (s, 1 H), 3.59 (s, 1 H), 3.55 (s, 1 H), 2.11 (s, 3 H), 1.91 (dt, J = 13.4, 4.5 Hz, 1 
H), 1.75 (dt, J = 13.4, 4.3 Hz, 1 H), 1.52 (m, 1 H), 1.41 (m, 1 H), 1.25 (m, 1 H), 1.23 (s, 3 H), 1.16 (s, 
3 H), 1.05 (s, 3 H), 1.04 (s, 3 H), 0.92 (d, J = 6.6 Hz, 3 H), 0.91 (d, J = 6.6 Hz, 3 H); 13C NMR (75 
MHz, CDCl3) δ 170.0, 79.9, 78.2, 77.3, 74.3, 40.8, 40.2, 35.4, 31.5, 28.9, 28.7, 22.7 × 2, 22.6, 20.8, 
15.7; HRMS (ESI) m/z (M+Na)+ calcd for [C17H32O5+Na]+ 339.2142, found 339.2142. 
134: FTIR (neat) 3466, 2953, 2872, 1739, 1705, 1469, 1452, 1373, 1236, 1030, 989, 908 cm−1; 1H 
NMR (300 MHz, CDCl3) δ 4.94 (s, 1 H), 3.94 (s, 1 H), 3.89 (d, J = 6.3 Hz, 1 H), 3.11 (d, J = 6.3 Hz, 
1 H), 2.14 (s, 3 H), 1.86 (dt, J = 13.2, 4.2 Hz, 1 H), 1.68 (dt, J = 13.2, 4.4 Hz, 1 H), 1.48 (m, 1 H), 1.35 
(m, 1 H), 1.30 (s, 3 H), 1.10 (s, 3 H), 1.08 (s, 3 H), 0.99 (m, 1 H), 0.88 (d, J = 6.5 Hz, 3 H), 0.86 (d, J 
= 6.5 Hz, 3 H), 0.80 (s, 3 H); 13C NMR (75 MHz, CDCl3) δ 217.7, 170.3, 81.2, 78.1, 77.0, 46.2, 39.4, 
38.9, 31.4, 28.1, 28.0, 23.8, 23.1, 22.5, 22.4, 20.6, 20.1; HRMS (ESI) m/z (M+Na)+ calcd for 




(1R*,3R*,4S*,5S*)-3,4,5-Trihydroxy-4-isopentyl-2,2,6,6-tetramethylcyclohexyl acetate (131) 
 
To a solution of 108 (409 mg, 1.45 mmol) in CH2Cl2 (10 mL) were added TMEDA (323 L, 
2.17 mmol) and OsO4 (522 mg, 2.05 mmol) at −78 °C. The mixture was gradually warmed up to room 
temperature for 12 h. The mixture was diluted with CH2Cl2 (20 mL), washed with 10% NaHSO3 aq. 
(10 mL × 4), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced 
pressure to give the corresponding osmate of 131. THF (5.0 mL), water (5.0 mL), and solid NaHSO3 
(910 mg) were added to the residue, and stirred for 2 h at room temperature. The mixture was added 
brine (15 mL), and extracted with AcOEt (20 mL × 2). The combined organic layers were washed with 
10% NaHSO3 (15 mL × 2) and brine (15 mL × 1), dried over anhydrous MgSO4, and filtered. The 
filtrate was concentrated under reduced pressure to give 131 (370 mg, 81%) as a brown solid. This 
material was subjected to the next step without further purification. 
 
(1R*,4R*)-4-Hydroxy-4-isopentyl-2,2,6,6-tetramethyl-3,5-dioxocyclohexyl acetate (132) 
 
To a solution of 131 (370 mg, 1.17 mmol) in CH2Cl2–water (2:1, 15 mL) were added 
AZADO (18.0 mg, 0.12 mmol), KBr (153 mg), and NaOCl–5% NaHCO3 aq. (1:1, 4.0 mL) at 5 °C. 
The mixture was stirred for 30 min at 5 °C. The organic layer was separated, the aqueous layer was 
extracted with CH2Cl2 (5 mL × 1). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure to give 132 (366 mg, quant.) as a 
brown oil; FTIR (neat) 3481, 2957, 2871, 1735, 1703, 1468, 1387, 1367, 1231, 1214, 1032, 910, 731 
cm−1; 1H NMR (300 MHz, CDCl3) δ 5.68 (s, 1 H), 3.84 (brs, 1 H), 2.18 (s, 3 H), 1.84 (m, 2 H), 1.48 
(m, 1 H), 1.22 (s, 6 H), 1.16 (s, 6 H), 1.13 (m, 2 H), 0.84 (d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, 
CDCl3) δ 209.3 × 2, 170.3, 85.6, 75.6, 48.2 × 2, 35.6, 31.2, 27.9, 25.8 × 2, 22.3 × 2, 21.2 × 2, 20.6; 
HRMS (ESI) m/z (M+Na)+ calcd for [C17H28O5+Na]+ 335.1829, found 335.1828. This material was 




(1R*,3R*,4S*)-3,4-Dihydroxy-4-isopentyl-2,2,6,6-tetramethyl-5-oxocyclohexyl acetate (138) 
 
To a solution of 132 (366 mg, 1.17 mmol) in THF (15 mL) was added NaBH(OAc)3 (743 
mg, 3.51 mmol) at room temperature. The mixture was stirred for 18 h, quenched with brine (20 mL), 
and extracted with AcOEt (20 mL × 2). The combined organic layers were washed with sat. NaHCO3 
aq. (15 mL × 1) and brine (15 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was 
concentrated under reduced pressure to give 138 (368 mg, quant.) as a brown oil; FTIR (neat) 3474, 
2957, 2873, 1742, 1715, 1452, 1387, 1370, 1236, 1025, 990, 910, 734 cm-1; 1H NMR (300 MHz, 
CDCl3) δ 4.89 (s, 1 H), 3.54 (s, 1 H), 2.09 (s, 3 H), 1.81 (dt, J = 13.2, 4.2 Hz, 1 H), 1.63 (dt, J = 13.2, 
4.4 Hz, 1 H), 1.43 (m, 1 H), 1.29 (m, 1 H), 1.25 (s, 3 H), 1.05 (s, 3 H), 1.03 (s, 3 H), 0.99–0.87 (m, 1 
H), 0.82 (d, J = 6.5 Hz, 3 H), 0.81 (d, J = 6.5 Hz, 3 H), 0.76 (s, 3 H); 13C NMR (75 MHz, CDCl3) δ 
217.5, 170.2, 81.1, 77.9, 76.8, 46.1, 39.3, 38.7, 31.3, 28.0, 27.9, 23.7, 23.0, 22.4, 22.3, 20.5, 20.0; 
HRMS (ESI) m/z (M+Na)+ calcd for [C17H30O5+Na]+ 337.1985, found 337.1985. This material was 
subjected to the next step without further purification. 
 
Tetragocarbone A (1a) from 138 
 
To a solution of Et3N (494 L, 3.55 mmol) in CH2Cl2 (5.0 mL) were added DMAP (13.0 
mg, 0.11 mmol), MNBA (452 mg, 1.31 mmol), and cinnamic acid (194 mg, 1.31 mmol) at room 
temperature. The mixture was stirred for 10 min. A solution of 138 (368 mg, 1.17 mmol) in CH2Cl2 (1 
mL) was added to the mixture at room temperature, and stirred for 20 h. The mixture was washed with 
10% citric acid aq. (15 mL × 3), sat. NaHCO3 aq. (15 mL × 4), dried over anhydrous MgSO4, and 
filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 





(1R*,3R*,4S*,5S*)-3,4,5-Trihydroxy-4-isobutyl-2,2,6,6-tetramethylcyclohexyl acetate (139) 
 
To a solution of 126 (500 mg, 1.86 mmol) in CH2Cl2 (7 mL) were added TMEDA (416 L, 
2.79 mmol) and OsO4 (710 mg, 2.79 mmol) at −78 °C. The mixture was gradually warmed up to room 
temperature for 21 h. The mixture was diluted with CH2Cl2 (10 mL), washed with 10% NaHSO3 aq. 
(20 mL × 5), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced 
pressure to give the corresponding osmate of 139. THF (5.0 mL), water (3.0 mL), and solid NaHSO3 
(1.00 g) were added to the residue, and stirred for 1 h at room temperature. The mixture was added 
brine (20 mL), and extracted with AcOEt (20 mL × 3). The combined organic layers were washed with 
brine (15 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under 
reduced pressure to give 139 (451 mg, 80%) as a brown solid; FTIR (neat) 3433, 3342, 2965, 1734, 
1366, 1254, 1057, 1025, 1004, 992, 980, 796, 739 cm−1; 1H NMR (300 MHz, CDCl3) δ 4.52 (s, 1 H), 
3.24 (brd, J = 7.2 Hz, 2 H), 2.15 (s, 3 H), 1.99 (brd, J = 7.2 Hz, 2 H), 1.80 (brs, 1 H), 1.65 (m, 1 H), 
1.64 (m, 2 H), 1.11 (s, 6 H), 0.98 (d, J = 6.0 Hz, 6 H), 0.95 (s, 6 H); 13C NMR (75 MHz, CDCl3) δ 
170.9, 79.8, 77.9, 75.0 × 2, 46.3, 40.8 × 2, 28.9 × 2, 24.9 × 2, 24.3, 20.8, 15.7 × 2; HRMS (ESI) m/z 
(M+Na)+ calcd for [C16H30O5+Na]+ 325.1985, found 325.1985. This material was subjected to the next 
step without further purification. 
 
(1R*,4R*)-4-Hydroxy-4-isobutyl-2,2,6,6-tetramethyl-3,5-dioxocyclohexyl acetate (140) 
 
To a solution of 139 (408 mg, 1.35 mmol) in CH2Cl2–water (2:1, 15 mL) were added 
AZADO (21.0 mg, 0.14 mmol), KBr (177 mg), and NaOCl–5% NaHCO3 aq. (1:1, 5.0 mL) at 5 °C. 
The mixture was stirred for 1 h at 5 °C. The organic layer was separated, and the aqueous layer was 
extracted with CH2Cl2 (10 mL × 2). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 10:1 to 8:2) to give 140 (306 mg, 76%) as a brown oil; 
FTIR (neat) 3475, 2958, 1749, 1735, 1705, 1472, 1388, 1368, 1222, 1035 cm−1; 1H NMR (300 MHz, 
CDCl3) δ 5.73 (s, 1 H), 3.81 (brs, 1 H), 2.20 (s, 3 H), 1.78 (m, 3 H), 1.27 (s, 6 H), 1.18 (s, 6 H), 0.94 
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(d, J = 6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 209.6 × 2, 170.3, 86.6, 75.7, 48.2 × 2, 45.1, 26.4 × 
2, 24.5, 24.1 × 2, 21.4 × 2, 20.7; HRMS (ESI) m/z (M+Na)+ calcd for [C16H26O5+Na]+ 321.1672, found 
321.1673. 
 
(1R*,3R*,4S*)-3,4-Dihydroxy-4-isobutyl-2,2,6,6-tetramethyl-5-oxocyclohexyl acetate (141) 
 
To a solution of 140 (20.0 mg, 67.0 mol) in THF (1.5 mL) were added NaBH(OAc)3 (43.0 
mg, 203 mol) at room temperature. The mixture was stirred for 19 h, quenched with brine (1.5 mL), 
and extracted with AcOEt (1 mL × 3). The combined organic layers were washed with sat. NaHCO3 
aq. (1.5 mL × 1), brine (1 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was 





Antibacterial activity test against Paenibacillus larvae11) 
 
General information 
Sheep blood agar “Nissui EX”, columbia agar with sheep blood “Nissui”, and Brain Heart Infusion 
Broth “Nissui” manufactured by Nissui pharmaceutical were used for cultivate. Paper discs (10 mm 
diameter, 1.5 mm thickness, manufactured by ADVANTEC) were used for antimicrobial activity test. 
The solutions of test compounds were prepared as DMSO solution (5 g/mL) and used. For the 
controls, DMSO solution of mirosamicin (5 g/mL) and commercial disks of tetracycline (30 g, 
manufactured by Nissui pharmaceutical) were used.  
 
Preparation of test plates 
A culture of P. larvae was grown on sheep blood agar at 37 °C for 48 h under slightly aerobic and 
humid condition. Then 1.0 Mcfarland suspension of the growth with Brain Heart Infusion Broth was 
prepared. The suspension was transferred to Columbia Agar with sheep blood, and incubated at 37 °C 
for 20 days under slightly aerobic and humid condition. After the incubation time, sterile distilled 
water was added to the culture to give a suspension. 200 L of the suspension was transferred to 
Mueller-Hinton agar, and was uniformly spread over the agar.  
 
Antibacterial activity test 
Paper discs impregnated 200 L of the test solution were installed on the agar, and incubated at 
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 第一章で述べたようにモノメリックフロログルシノールは天然からおよそ 20 種が単離さ
れており，そのうち，6 員環状に不斉中心をもつものは 10 種程度しか見つかっていない
(Figure 1-22)．このうち合成ターゲットとして Figure 3-1 に示す Myrtus communis より単離さ




Figure 3-1. Natural monomeric phloroglucinols 
 
 52 は Weyerstahl らによって Myrtus communis から単離された．1)52 の相対立体化学につい
ては NOE により確認したという記述にとどまっており，具体的な相関については示されて
いない．53 は Waterman らによって Melaleuca triumphalis から 54 とともに単離構造決定さ
れた本植物のエッセンシャルオイルの主成分である．2) 53 の 1 位，6 位の相対立体化学は
3,5-ジニトロベンゾエートに誘導した後，X 線結晶構造解析により 1R*,6R*と決定された．
54 の構造は 2 次元 NMR から推定されており，立体化学については 53 と同じシスと予想さ
れた．これら 3 つの天然物のうち明確に構造決定されているのは 53 のみであり，その他の
構造については議論の余地が残されている．著者は 52, 53 とそれぞれの立体異性体を合成
し，各種データの比較により構造を確認することとした．後に詳細を述べるが，53 は自発
的に 54 へ異性化することが報告されていることから，53 を合成すれば 54 も合わせて合成










ら 54 への変換は 1 段階で合成できると考えた． 
 
Scheme 3-1. Synthetic plans for 52, triumphalone (53), and isotriumphalone (54) 
 
No name (52)の合成と構造確認 
52 の構造確認のため，52 とその立体異性体を合成し，天然物との NMR の比較によって
構造を確認することとした．まず，テトラゴカルボン B の合成中間体であるメチルエーテ
ル体 116 をエポキシ化，続く酸処理にて対称トリケトン 142 へと導いた．これに対してテト
ラゴカルボン A の効率的合成でトランス選択的還元が起こった NaBH(OAc)3 を作用させた
が，複雑な混合物を与える結果となった．種々の還元剤を検討した結果 0.5 当量の NaBH4を
用いることでトランスジオールへ導けることがわかった．トランスジオールは不安定であ
ったため，未精製のままアセチル化して 52 へと誘導した． 
一方，シスジオールをもつ異性体へは 116 を DIBAL 還元，酸処理して得られた 117 の 2
級水酸基を酸化して 143 へと変換した後，オスミウム酸化することで導いた．シスジオール
も不安定であったため，直ちにアセチル化して異性体 144 へと導いた．両者と天然物の 1H 






Scheme 3-2. (a) m-CPBA, CH2Cl2, rt, 16 h; (b) 10% H2SO4 aq., reflux, 17 h, quant. (2 steps); (c) 
NaBH4, MeOH, rt, 30 min; (d) AcOH, EDCI, DMAP, CH2Cl2, rt, 18 h, 48% (2 steps); (e) DIBAL, 
toluene, rt, 2 h then 3 N HCl, 75 °C, 1.5 h, quant.; (f) 1-Me-AZADO, NaOCl, KBr, CH2Cl2/5% 
NaHCO3 aq., 5 °C, 30 min, 95%; (g) OsO4, pyridine, 5 °C, 3 h; (h) AcOH, DMAP, EDCI, CH2Cl2, rt, 
17 h, 43% (2 steps). 
 
トリウムファロン(53)の合成 
 まず，ノルマルペンチル基をもつ鍵中間体であるメチルエーテル体 149 を 51 から 5 段階
19％収率で合成した． 
 
Scheme 3-3. (a) valeryl chloride, BF3･OEt2, rt, 34 h, 82%; (b) MeI, NaOMe, MeOH, reflux, 14 h, 
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76%; (c) NaBH3CN, AcOH, rt, 18 h, 41%; (d) (COCl)2, DMF, toluene, 90 °C, 30 min; (e) NaOMe, 
MeOH, 45 °C, 18 h, 75% (2 steps). 
 
 先と同様，149 を DIBAL 還元・酸処理して 150 へと変換した．これの 2 級水酸基の酸化
とオスミウム酸化により 53 へと導いた．合成した 53 の各種 NMR スペクトルは天然物の報
告値と良い一致を示した（Table SI-2）．2)また，後に述べる転位実験のため，トランス体の合
成も合わせて行った．149 を対称トリケトン 152 へと変換した後，NaBH4による還元によっ
て立体異性体 153 を単一のジアステレオマーとして得た．これにより本手法にて 52 および
53 とそれぞれの異性体を作り分けることができた． 
 
Scheme 3-4. (a) DIBAL, toluene, rt, 12 h then 3N HCl, 75 °C, 1 h, 69%; (b) 1-Me-AZADO, NaOCl, 
KBr, CH2Cl2/5% NaHCO3 aq., 5 °C, 30 min, quant.; (c) OsO4, pyridine, 5 °C, 1 h, quant.; (d) m-CPBA, 




 Waterman らは単離した 53 を 24 ヶ月放置したところ，その 70％以上が 54 へと自発的に
転位することを報告している(Scheme 3-5)．2)54 の構造は 4 つのメチル基と 222 ppm のカル
ボニル基とのHMBC相関およびオキシメチンプロトンと一方のgem-ジメチル炭素のHMBC
相関が観測されたことから推定されている．その立体化学については，直接的な証拠はない
ものの 53 と同じシスであろうと述べられている．著者は合成に先立ち，53 と 54 の NMR ス
ペクトルを見直したところ，アルキル側鎖位が 1.5 ppm から 2.5 ppm 付近に大きく低磁場
シフトしていることに気がついた．これは転位前後でメチレン周辺の環境が大きく異なっ




よる結果はもっともらしいものの，1H および 13C NMR のケミカルシフトについては不明瞭
さが残った．そこで，イソトリウムファロンの立体化学を含めた構造を確認するため，53 か




54 の生成条件については文献に記載がなかったので，53 を各種重溶媒(CDCl3, C6D6, 
CD3OD, DMSO-d6, D2O)中，室温下 NMR で反応をモニターした．結果，CD3OD 溶液中での
み新たな生成物が観測され，115 h で 60%に達した．60 ℃では全ての溶媒で反応が進行し




Figure 3-2. Solvent effect for conversion from 53 to 54 at 60 °C. 
 
この生成物の 1H および 13C NMR データは，疑問であったメチレンプロトン，カルボニル





ロペンタノン 154 であると結論付けた． 
 
Figure 3-3. ORTEP view of revised structure of isotriumphalone (154). 
 
結果から類推すると，転位の推定メカニズムは Scheme 3-6 に示すように配座 53a のジオ
ール間の炭素炭素結合がカルボニル基へ攻撃し，154 が得られたと推定している． 
 







Scheme 3-7. Classical -ketol rearrangement. 
 
本反応における立体選択性と可逆性についての知見を得るため，4 つの化合物(53，153，





Figure 3-4. Triumphalone (53), revised isotriumphalone (154), and their stereoisomers 153, 155 
 
53 は CD3OD 中 60 ℃で定量的に 154 を与えたことから，153，154，155 を同条件に付し
たが，いずれの基質も未反応であった．これにより CD3OD 中，60℃での反応は 53 からの
み進行する結果となった． 
 
Scheme 3-8. Summary of rearrangement experiments without additives in CD3OD at 60 °C. 
 
次に酸性条件での転位を検討した．重ベンゼン中，1 当量の CSA を添加して 60℃に加熱
した．53 を用いた場合は添加剤なしの場合に比べて大きく反応が加速し，50 時間で定量的
に 154 を与えた(Figure 3-5)．153 を用いた場合は反応初期に 154 と 155 が観測され，その後，
徐々に 154 への収束が見られた(Figure 3-6)．155 からは主に 153 の生成と，マイナー成分と





Figure 3-5. Rearrangement reaction of 53 in C6D6 at 60 °C in the presence of CSA. 
  






































































Figure 3-7. Rearrangement reaction of 155 in C6D6 at 60 °C in the presence of CSA. 
  
CSA 存在下での転位反応の結果を Scheme 3-9 にまとめた．53 からは 154 のみを与えた．
添加剤なしの場合には見られなかった 153 および 155 からの反応も観測された．153 と 155
の間は可逆反応であり，この平衡は経時的に 154 へ収束した．また，154 は全く反応しなか
った． 
 
Scheme 3-9. Summary of rearrangement experiments in C6D6 at 60 °C in the presence of CSA 
 
153 および 155 から 154 への転位の推定反応機構を Scheme 3-10 に示す．153 からシクロ
ペンタノンへ転位する場合，生成物の立体化学は転位に関与する炭素炭素結合がカルボニ
ル基のどちらから近づくかによって決まることから，153 から 154 および 155 への転位は







































Scheme 3-10. Proposed mechanism of rearrangement reaction from 153 and 155 to 154. 
 
次いで塩基の影響を調べた．4 つの化合物を DBU 存在下，重ベンゼン中 60 °C に加熱し
た．53 は 90 h で完全に 154 へと変換された(Figure 3-8)．153 および 155 からの反応は酸性
条件の場合とは異なり，生成物として 154 のみが観測された(Figure 3-9 and 3-10)．154 は酸
性条件と同様に全く反応しなかった．  
  





































Figure 3-9. Rearrangement reaction of 153 in C6D6 at 60 °C in the presence of DBU.  
  
Figure 3-10. Rearrangement reaction of 155 in C6D6 at 60 °C in the presence of DBU. 
 
DBU 存在下での転位反応を Scheme 3-11 にまとめた．153 および 155 の間の反応が観測
されなかった点が CSA の場合と大きく異なる．反応速度は CSA に比べて全体的に遅いも




































































Scheme 3-11. Summary of rearrangement experiments in C6D6 at 60 °C in the presence of DBU. 
 
154 はいずれの反応条件においても全く反応しなかったことから，4 つの化合物のうち
で熱力学的に最も安定であると考えられる．いずれの条件でも 53 から 154 のみが生成す
る原因ついては不明であり，現在，DFT 計算による各化合物の安定性について評価を行っ
ている．今回の転位実験の結果に加え，53 および 154 が Melaleuca triumphalis の水蒸気蒸
留によって抽出された 2)事実から，154 はアーティファクトの可能性があると考えられ
た． 
第三章を要約すると第二章にて確立した合成方法を適用し，52 および 53 の初の全合成を
達成した．これによりテトラゴカルボン合成法が他の天然物合成に応用可能であることを
示すことができた．天然物と 52 および異性体 144 のNMRデータの比較により，M. communis
から単離された天然物の立体化学は推定どおりトランスであることを確認した．加えて合
成した 53 から 1 段階でイソトリウムファロンへと変換し，X 線結晶構造解析にてその構造










To a solution of 116 (1.10 g, 4.36 mmol) in CH2Cl2 (20 mL) was added m-CPBA (65% purity, 
3.50 g, 13.2 mmol) at room temperature. The mixture was stirred for 16 h, quenched with sat. Na2S2O3 
aq. (20 mL), and stirred for 1.5 h. The organic layer was separated, and the aqueous layer was extracted 
with CH2Cl2 (20 mL × 2). The combined organic layers were washed with sat. Na2S2O3 (20 mL × 1), 
sat. NaHCO3 aq. (30 mL × 3), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated 
under reduced pressure. The residue was dissolved in a mixture of THF (30 mL) and 10% aqueous 
solution of H2SO4 (1 mL). The mixture was heated to reflux for 17 h, and concentrated under reduced 
pressure. The residue was added sat. NaHCO3 (20 mL). The mixture was extracted with AcOEt (15 
mL × 2). The combined organic layers were washed with sat. NaHCO3 (15 mL × 1), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give 142 (1.08 
g, 97%) as a colorless oil; FTIR (neat) 3447, 2987, 2957, 2873, 1752, 1699, 1471, 1382, 1260, 1196, 
1055, 1018, 900, 800 cm−1; 1H NMR (300 MHz, CDCl3) δ 1.66 (m, 1 H), 1.61 (d, J = 5.4 Hz, 2 H), 
1.45 (s, 6 H), 1.37 (s, 6 H), 0.91 (d, J = 6.4 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 211.4, 207.2 × 2, 
89.1, 55.7 × 2, 43.6, 26.2 × 2, 25.0, 23.84 × 2, 23.82 × 2; HRMS (ESI) m/z (M−H)− calcd for 
[C14H22O4−H]− 253.1445, found 253.1445. This material was subjected to the next step without further 
purification. 
 
(1R*,2S*)-2-Hydroxy-2-isobutyl-4,4,6,6-tetramethyl-3,5-dioxocyclohexyl acetate (52) 
 
To a solution of 142 (46.0 mg, 181 mol) in MeOH (2.0 mL) was added NaBH4 (3.4 mg, 
89.9 mol) at 5 °C. The mixture was stirred for 30 min at 5 °C. The mixture was quenched with sat. 
NaHCO3 aq. (2 mL), and extracted with AcOEt (2 mL × 3). The combined organic layers were washed 
with sat. NaHCO3 aq. (2 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was 
concentrated under reduced pressure to give unstable diol (38.0 mg, 82%) as a colorless oil; 1H NMR 
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(300 MHz, CDCl3) δ 3.82 (d, J = 2.9 Hz, 1 H), 3.50 (s, 1 H), 2.35 (d, J = 2.9 Hz, 1 H), 1.94 (dd, J = 
14.4, 5.6 Hz, 1 H), 1.78 (m, 1 H), 1.34 (s, 3 H), 1.31 (s, 3 H), 1.30 (s, 3 H), 1.29 (dd, J = 14.4, 6.2 Hz, 
1 H), 1.21 (s, 3 H), 0.98 (d, J = 6.6 Hz, 3 H), 0.87 (d, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 
215.3, 214.5, 81.0, 77.5, 55.2, 49.7, 41.0, 26.6, 24.9, 24.7, 24.2, 23.9, 23.8, 21.1. This material was 
subjected to the next step without further purification. DMAP (50.0 mg, 409 mol), AcOH (12 L, 
210 mol), and EDCI (39.0 mg, 203 mol) were added to a solution of the crude diol (35.0 mg, 137 
mol) in CH2Cl2 (3.0 mL) at room temperature. The mixture was stirred for 18 h, washed with 10% 
citric acid aq. (2 mL × 1), sat. NaHCO3 (1 mL × 2), dried over anhydrous MgSO4, and filtered. The 
filtrate was concentrated under reduced pressure to give 52 (26.0 mg, 64%) as a colorless oil; FTIR 
(neat) 3477, 2984, 2958, 2872, 1733, 1700, 1471, 1373, 1223, 1029, 914, 800, 733 cm−1; 1H NMR 
(600 MHz, C6D6) δ 5.38 (s, 1 H), 2.75 (s, 1 H), 1.78 (m, 1 H), 1.64 (dd, J = 14.8, 4.3 Hz, 1 H), 1.53 
(s, 3 H), 1.38 (dd, J = 14.8, 7.4 Hz, 1 H), 1.35 (s, 3 H), 1.27 (s, 3 H), 1.08 (s, 3 H), 1.04 (s, 3 H), 0.84 
(d, J = 6.6 Hz, 3 H), 0.82 (d, J = 6.6 Hz, 3 H); 13C NMR (150 MHz, C6D6) δ 213.1, 211.9, 168.9, 79.3, 
77.0, 55.3, 48.9, 43.4, 25.1, 24.5, 24.4, 24.2, 24.1, 23.5, 22.3, 20.0; HRMS (FAB) m/z (M+H)+ calcd 
for [C16H26O5+H]+ 299.1858, found 299.1845. 1H and 13C NMR data of 52 were identical with those 




To a solution of 117 (208 mg, 927 mol) in CH2Cl2 (4.0 mL) were added 1-Me-AZADO 
(7.7 mg, 46.3 mol), 0.6% KBr aq. (5 mL), NaOCl/5% NaHCO3 aq. (1:1, 4.0 mL) were added at 5 °C. 
The mixture was stirred for 30 min. The organic layer was separated, and the aqueous layer was 
extracted with CH2Cl2 (10 mL × 2). The combined organic layers were dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 25:1) to give 143 (196 mg, 95%) as a colorless oil; 
FTIR (neat) 2962, 1718, 1675, 1380, 1261, 1101, 1024, 913, 803 cm−1; 1H NMR (300 MHz, CDCl3) 
δ 6.43 (brs, 1 H), 2.17 (brd, J = 6.8 Hz, 2 H), 1.74 (m, 1 H), 1.32 (s, 6 H), 1.30 (s, 6 H), 0.88 (d, J = 
6.6 Hz, 6 H); 13C NMR (75 MHz, CDCl3) δ 213.8, 201.2, 149.2, 134.6, 57.2, 45.0, 39.3, 27.5 × 2, 27.2, 
23.7 × 2, 22.3 × 2; HRMS (ESI) m/z (M+H)+ calcd for [C14H22O2+H]+ 223.1693, found 223.1692. 
 




To a solution of 143 (196 mg, 0.88 mmol) in pyridine (4.0 mL) was added OsO4 (336 mg, 
1.32 mmol) at 5 °C. The mixture was stirred for 3 h, quenched with 10% NaHSO3 aq. (20 mL), and 
extracted with AcOEt (20 mL × 2). The combined organic layers were washed with 10% NaHSO3 aq. 
(20 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced 
pressure to give the corresponding osmate of the diol. Solid NaHSO3 (924 mg) and water (3.0 mL) 
were added to a solution of the crude osmate in THF (5 mL). The mixture was stirred for 1.5 h at room 
temperature, added water (5 mL), and extracted with AcOEt (4 mL × 3). The combined organic layers 
were washed with 10% aqueous solution of NaHSO3 (3 mL × 1), brine (5 mL × 1), dried over 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give diol (226 
mg, quant.); 1H NMR (300 MHz, C6D6) δ 3.98 (brs, 1 H), 3.46 (s, 1 H), 2.80 (brs, 1 H), 1.60 (m, 1 H), 
1.40 (dd, J = 14.4, 5.8 Hz, 1 H), 1.35 (s, 3 H), 1.23 (s, 3 H), 1.21 (s, 3 H), 1.19 (s, 3 H), 1.13 (dd, J = 
14.4, 6.1 Hz, 1 H), 0.81 (d, J = 6.7 Hz, 3 H), 0.69 (d, J = 6.7 Hz, 3 H); 13C NMR (75 MHz, C6D6) δ 
214.6, 214.2, 82.1, 77.8, 55.1, 48.2, 43.3, 27.1, 25.5, 25.3, 24.6, 24.3, 23.8, 23.6. This material was 
subjected to the next step without further purification. DMAP (323 mg, 2.64 mmol), AcOH (76 L, 
1.33 mmol), and EDCI (254 mg, 1.32 mmol) were added to a CH2Cl2 (10 mL) solution of the crude 
diol (226 mg, 0.88 mmol) at room temperature. The mixture was stirred for 17 h, washed with 10% 
citric acid aq. (10 mL × 1), sat. NaHCO3 aq. (10 mL × 2), and brine (10 mL × 1), dried over anhydrous 
MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue was purified 
by flash chromatography on silica gel (hexane/AcOEt = 10:1) to give 144 (114 mg, 43% in 2 steps) as 
a colorless oil; FTIR (neat) 3483, 2988, 2957, 2873, 1758, 1731, 1701, 1472, 1450, 1372, 1223, 1077, 
1028, 904, 755 cm−1; 1H NMR (600 MHz, C6D6) δ 5.35 (s, 1 H), 3.89 (s, 1 H), 1.65 (m, 1 H), 1.59 (s, 
3 H), 1.46 (dd, J = 14.3, 6.2 Hz, 1 H), 1.27 (s, 6 H), 1.25 (s, 3 H), 1.18 (dd, J = 14.3, 5.9 Hz, 1 H), 
1.01 (s, 3 H), 0.85 (d, J = 6.6 Hz, 3 H), 0.70 (d, J = 6.6 Hz, 3 H); 13C NMR (150 MHz, C6D6) δ 213.7, 
212.8, 169.1, 81.0, 78.7, 55.4, 47.8, 42.3, 27.2, 26.1, 25.8, 24.6, 24.5, 23.8, 23.7, 20.0; HRMS (FAB) 















To a solution of 51 (15.0 g, 119 mmol) in BF3·Et2O (45 mL, 357 mmol) was added valeryl 
chloride (14.5 mL, 122 mmol) at 5 °C. The mixture was stirred for 34 h at room temperature, and 
quenched with 10% AcONa aq. (450 mL). The mixture was stirred for 14 h, and extracted with AcOEt 
(100 mL × 3). The combined organic layers were washed with sat. NaHCO3 aq. (100 mL × 3), dried 
over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give a 
9:1 mixture of 145 and a diacylated phloroglucinol. To separate 145 from the mixture, the residue was 
added to 20% aqueous solution of K2CO3 (400 mL) and solid NaCl (50 g). The mixture was extracted 
with toluene (300 mL × 1). Compound 145 was solved as a potassium salt in aqueous layer. The 
diacylphloroglucinol was dissolved in the organic layer. The aqueous layer was separated, acidified 
with 6N HCl (240 mL), and extracted with AcOEt (200 mL × 3). The combined organic layers were 
dried over anhydrous MgSO4 and filtered. The filtrate was concentrated under reduced pressure to 
give 145 (20.5 g, 82%) as a brown oil; 1H NMR (300 MHz, CD3OD) δ 5.78 (s, 2 H), 3.00 (t, J = 7.3 
Hz, 2 H), 1.60 (m, 2 H), 1.35 (m, 2 H), 0.91 (t, J = 7.4 Hz, 3 H); HRMS (ESI) m/z (M−H)− calcd for 





To a solution of NaOMe (26.3 g, 487 mmol) in MeOH (410 mL) were added 145 (20.5 g, 
97.5 mmol) and MeI (42.4 mL, 681 mmol) at room temperature. The mixture was heated to reflux for 
14 h, cooled to room temperature, and concentrated under reduced pressure. Water (200 mL) was 
added to the residue. The mixture was acidified with 6N HCl, and extracted with AcOEt (200 mL × 
1). The organic layer was dried over anhydrous MgSO4 and filtered. The filtrate was concentrated 
under reduced pressure to give 146 (19.8 g, 76%) as a brown oil; FTIR (neat) 2960, 2937, 2874, 1722, 
1669, 1558, 1468, 1382, 1047, 731 cm−1; 1H NMR (300 MHz, CDCl3) δ 2.97 (m, 2 H), 1.63 (quin, J 
= 7.0 Hz, 2 H), 1.44 (s, 6 H), 1.39 (m, 2 H), 1.35 (s, 6 H), 0.93 (t, J = 7.3 Hz, 3 H); 13C NMR (75 MHz, 
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CDCl3) δ 210.0, 204.7, 199.0, 196.8, 109.0, 56.8, 52.1, 38.9, 27.2, 24.3 × 2, 23.8 × 2, 22.5, 13.8; 
HRMS (ESI) m/z (M−H)− calcd for [C15H22O4−H]− 265.1445, found 265.1444. This material was 




To a solution of 146 (19.8 g, 74.3 mmol) in AcOH (200 mL) was added NaBH3CN (11.7 g, 
186 mmol) at 5 °C. After stirring for 18 h at room temperature, the mixture was quenched with 1N 
HCl and stirred until the generation of gas was completed (Note: This experiment should be performed 
in a well fume hood. The gas was trapped with NaOH aq.). The mixture was extracted with toluene 
(100 mL × 3). The combined organic layers were washed with brine, dried over anhydrous MgSO4, 
and filtered. The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 15:1 to 10:1) to give 147 (7.70 g, 41%) as a white 
solid; FTIR (neat) 3342, 2958, 2933, 1711, 1700, 1469, 1388, 1382, 1286, 1077, 999, 903 cm−1; 1H 
NMR (300 MHz, CD3OD) δ 1.88 (m, 2 H), 1.39 (s, 6 H), 1.30 (m, 6 H), 1.27 (s, 6 H), 0.90 (t, J = 6.6 
Hz, 3 H); 13C NMR (75 MHz, CD3OD) δ 211.9, 206.1 × 2, 97.9, 58.1 × 2, 33.8, 29.5, 25.4 × 2, 24.7 × 
2, 24.2, 23.7, 15.0; HRMS (ESI) m/z (M+Na)+ calcd for [C15H24O3+Na]+ 275.1623, found 275.1619; 




To a solution of 147 (7.80 g, 29.3 mmol) in toluene (50 mL) were added DMF (1.0 mL) and 
oxalyl chloride (4.96 mL, 57.8 mmol) at room temperature. After stirring for 30 min at 90 °C, the 
mixture was quenched with water (20 mL) at 5 °C, stirred for 20 min, and extracted with toluene (30 
mL × 3). The combined organic layers were washed with water (20 mL × 2) and brine (30 mL × 1), 
dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. to 
give 148 (7.93 g, quant.) as a brown oil; FTIR (neat) 2957, 2933, 2872, 1722, 1675, 1615, 1467, 1380, 
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1362, 1320, 1105, 1041, 959, 875 cm−1; 1H NMR (300 MHz, CDCl3) δ 2.53 (t, J = 7.2 Hz, 2 H), 1.49 
(s, 6 H), 1.46–1.29 (m, 6 H), 1.34 (s, 6 H), 0.89 (t, J = 6.7 H, 3 H); 13C NMR (75 MHz, CDCl3) δ 
210.5, 197.4, 156.4, 135.4, 57.1, 51.0, 31.7, 28.2, 27.4, 26.4 × 2, 23.6 × 2, 22.4, 14.0; HRMS (ESI) 
m/z (M+H)+ calcd for [C15H23ClO2+H]+ 271.1459, found 271.1460. This material was subjected to the 




NaOMe (4.70 g, 87.0 mmol) was added to a solution of 148 (7.93 g, 29.3 mmol) in MeOH 
(70 mL) at room temperature. The mixture was stirred for 18 h at 45 °C, and concentrated under 
reduced pressure. Water (50 mL) was added to the residue. The mixture was extracted with AcOEt (50 
mL × 3). The combined organic layers were washed with brine (20 mL × 1), dried over anhydrous 
anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure. The residue 
was purified by flash chromatography on silica gel (hexane/AcOEt = 20:1 to 15:1) to give 149 (5.86 
g, 75% in 2 steps) as a colorless oil; FTIR (neat) 2979, 2958, 2934, 2872, 1717, 1662, 1621, 1468, 
1379, 1333, 1264, 1197, 1139, 1046, 728 cm−1; 1H NMR (300 MHz, CDCl3) δ 3.92 (s, 3 H), 2.37 (t, J 
= 7.2 Hz, 2 H), 1.39–1.24 (m, 6 H), 1.35 (s, 6 H), 1.30 (s, 6 H), 0.87 (t, J = 6.9 Hz, 3 H); 13C NMR 
(75 MHz, CDCl3) δ 212.9, 200.6, 174.1, 122.0, 62.4, 55.9, 49.6, 32.1, 28.5, 25.0 × 2, 24.6, 24.1 × 2, 




To a solution of 149 (500 mg, 1.88 mmol) in toluene (10 mL) was added DIBAL (1.0 mol/L 
solution in hexane, 5.6 mL, 5.64 mmol) at 5 °C. The mixture was stirred for 12 h at room temperature. 
The mixture was quenched with 3N HCl (40 mL), and stirred for 1 h at 75 °C. The aqueous layer was 
separated, and extracted with toluene (15 mL × 1). The combined organic layers were washed with 
brine (10 mL × 1), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under 
reduced pressure. The residue was purified by flash chromatography on silica gel (hexane/AcOEt = 
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15:1 to 10:1) to give 150 (307 mg, 69%) as a colorless oil; FTIR (neat) 3483, 2958, 2930, 2872, 1659, 
1465, 1381, 1362, 1066 cm−1; 1H NMR (300 MHz, CDCl3) δ 6.27 (t, J = 1.0 Hz, 1 H), 3.51 (d, J = 5.4 
Hz, 1 H), 2.22–2.03 (m, 2 H), 1.95 (d, J = 5.4 Hz, 1 H), 1.39–1.22 (m, 6 H), 1.20 (s, 3 H), 1.17 (s, 3 
H), 1.15 (s, 3 H), 1.06 (s, 3 H), 0.86 (t, J = 6.8 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 203.8, 150.9, 
134.7, 79.7, 47.5, 37.8, 31.5, 30.3, 29.7, 28.2, 23.4, 22.4, 21.4, 20.3, 14.0; HRMS (ESI) m/z (M+H)+ 




To a solution of 150 (270 mg, 1.13 mmol) in CH2Cl2 (4.0 mL) was added 1-Me-AZADO 
(9.5 mg, 57.2 mol), 0.6% KBr aq. (5 mL), NaOCl–5% NaHCO3 aq. (1:1, 10 mL) at 5 °C. The mixture 
was stirred for 30 min. The organic layer was separated, and the aqueous layer was extracted with 
CH2Cl2 (10 mL × 2). The combined organic layers were dried over anhydrous MgSO4, and filtered. 
The filtrate was concentrated under reduced pressure. The residue was purified by flash 
chromatography on silica gel (hexane/AcOEt = 15:1) to give 151 (267 mg, quant.) as a colorless oil; 
FTIR (neat) 2958, 2930, 2872, 1718, 1674, 1468, 1380, 1250, 1040 cm−1; 1H NMR (300 MHz, CDCl3) 
δ 6.42 (t, J = 1.2 Hz, 1 H), 2.26 (m, 2 H), 1.43–1.25 (m, 6 H), 1.30 (s, 6 H), 1.26 (s, 6 H), 0.87 (t, J = 
6.9 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 213.7, 201.2, 147.7, 135.8, 57.1, 44.8, 31.4, 30.0, 28.0, 





To a solution of 151 (100 mg, 423 mol) in pyridine (3.0 mL) was added OsO4 (161 mg, 
633 mol) at 5 °C. The mixture was stirred for 1 h, quenched with 10% NaHSO3 aq. (15 mL), and 
extracted with AcOEt (15 mL × 2). The combined organic layers were washed with 10% NaHSO3 aq. 
(10 mL × 2), dried over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced 
pressure to give the corresponding osmate of 53. Solid NaHSO3 (818 mg) and water (4.0 mL) were 
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added to a solution of the residue in THF (5.0 mL) at room temperature. The mixture was stirred for 
1 h, added water (20mL), and extracted with AcOEt (15 mL × 3). The combined organic layers were 
washed with 10% NaHSO3 aq. (15mL × 2) and brine (5 mL × 1), dried over anhydrous MgSO4, and 
filtered. The filtrate was concentrated under reduced pressure to give 53 (114 mg, quant.) as a yellow 
oil; FTIR (neat) 3481, 2937, 2873, 1729, 1699, 1471, 1377, 1260, 1074, 1021, 898, 772 cm−1; 1H 
NMR (600 MHz, CDCl3) δ 4.17 (brs, 1 H), 3.75 (s, 1 H), 3.02 (brs, 1 H), 1.62 (m, 1 H), 1.42 (m, 1 H), 
1.34 (m, 1 H), 1.34 (s, 3 H), 1.32 (s, 3 H), 1.25 (s, 3 H), 1.23 (s, 3 H), 1.23–1.11 (m, 4 H), 1.02 (m, 1 
H), 0.81 (t, J = 7.0 Hz, 3 H); 13C NMR (150 MHz, CDCl3) δ 215.4, 214.1, 81.9, 77.1, 54.9, 48.1, 34.9, 
31.6, 27.0, 25.2 × 2, 23.0, 22.6, 22.3, 13.8; HRMS (FAB) m/z (M+H)+ calcd for [C15H26O4+H]+ 
271.1909, found 271.1909. 1H and 13C NMR data of 53 were identical with those of the natural 






























To a solution of 149 (500 mg, 1.88 mmol) in CH2Cl2 (10 mL) was added m-CPBA (65% 
purity, 1.50 g, 5.65 mmol) at room temperature. The mixture was stirred for 16 h, quenched with sat. 
Na2S2O3 aq. (10 mL), and stirred for 1.5 h. The organic layer was separated, washed with sat. Na2S2O3 
aq. (15 mL × 2) and sat. NaHCO3 aq. (20 mL × 3), dried over anhydrous MgSO4, and filtered. The 
filtrate was concentrated under reduced pressure. THF (20 mL) and 10% H2SO4 aq. (1 mL) were added 
to the residue. The mixture was heated to reflux for 15 h, and concentrated under reduced pressure. 
The mixture was added sat. NaHCO3 aq. (20 mL), and extracted with AcOEt (15 mL × 2). The 
combined organic layers were washed with sat. NaHCO3 aq. (20 mL × 1), dried over anhydrous 
MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give 152 (434 mg, 86%) 
as a colorless oil; FTIR (neat) 3496, 2950, 1749, 1697, 1470, 1382, 1053, 1018, 901 cm−1; 1H NMR 
(300 MHz, CDCl3) δ 3.95 (brs, 1 H), 1.67 (m, 2 H), 1.41 (s, 6 H), 1.35 (s, 6 H), 1.27–1.15 (m, 6 H), 
0.80 (t, J = 6.6 Hz, 3 H); 13C NMR (75 MHz, CDCl3) δ 211.4, 206.8 × 2, 88.6, 55.7 × 2, 36.6, 31.2, 
26.0 × 2, 23.4 × 2, 22.7, 22.2, 13.8; HRMS (FAB) m/z (M+Na)+ calcd for [C15H24O4+Na]+ 291.1567, 




To a solution of 152 (100 mg, 373 mol) in MeOH (8.0 mL) was added NaBH4 (7.0 mg, 
185 mol) at 5 °C. The mixture was stirred for 30 min at room temperature, and concentrated under 
reduced pressure. The residue was added sat. NaHCO3 aq. (5 mL). The mixture was extracted with 
AcOEt (5 mL × 2). The combined organic layers were washed with sat. NaHCO3 aq. (5 mL × 1), dried 
over anhydrous MgSO4, and filtered. The filtrate was concentrated under reduced pressure to give 153 
(101 mg, quant.) as a colorless oil; FTIR (neat) 3481, 2931, 2872, 1729, 1692, 1471, 1379, 1260, 1063, 
1028, 998, 948, 885, 800, 757 cm−1; 1H NMR (600 MHz, CDCl3) δ 3.82 (d, J = 2.6 Hz, 1 H), 3.53 (s, 
1 H), 2.40 (d, J = 2.6 Hz, 1 H), 1.94 (dt, J = 13.4, 3.8 Hz, 1 H), 1.61 (brd, 1 H), 1.48–1.41 (m, 1 H), 
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1.40 (dt, J = 13.4, 3.7 Hz, 1 H), 1.314 (s, 3 H), 1.306 (s, 3 H), 1.304 (s, 3 H), 1.29–1.21 (m, 4 H), 1.19 
(s, 3 H), 1.14 (m, 1 H), 0.86 (t, J = 7.0, 3 H); 13C NMR (125 MHz, CDCl3) δ 214.9, 214.3, 80.5, 77.3, 
55.1, 49.8, 33.4, 32.0, 26.4, 24.6, 23.6, 22.52, 22.48, 21.0, 13.9; HRMS (FAB) m/z (M−H)− calcd for 




A solution of 53 (30.0 mg, 111 mol) in CD3OD (0.6 mL) was stirred at 60 °C for 112 h. 
The mixture was concentrated under reduced pressure to give 154 (30.0 mg, quant.) as colorless 
needles; FTIR (neat) 3475, 2960, 2932, 2873, 1743, 1734, 1700, 1468, 1340, 1262, 1116, 1091, 1032, 
995, 885, 830 cm−1; 1H NMR (600 MHz, CDCl3) δ 4.78 (s, 1 H), 3.64 (s, 1 H), 2.81 (ddd, J = 17.9, 
8.2, 6.6 Hz, 1 H), 2.57 (ddd, J = 17.9, 8.2, 6.6 Hz, 1 H), 1.62 (m, 2 H), 1.36–1.26 (m, 4 H), 1.23 (s, 3 
H), 1.18 (s, 3 H), 1.09 (s, 3 H), 0.92 (s, 3 H), 0.90 (t, J = 7.0 Hz, 3 H); 13C NMR (150 MHz, CDCl3) δ 
221.4, 212.8, 87.4, 76.5, 53.4, 46.7, 39.5, 31.4, 26.7, 23.1, 22.6, 22.5, 19.9, 17.3, 13.9; HRMS (ESI) 
m/z (M+Na)+ calcd for [C15H26O4+Na]+ 293.1729, found 293.1725.  
1H and 13C NMR data of 154 were identical with those of reported data of 54.2) (Table SI-3). 
154 was further purified by recrystallization from toluene to afford single crystals as toluene solvate 
(mp 77 °C). The structure of 154 was determined by X-ray crystallographic analysis. CCDC 1009118 
contains the supplementary crystallographic data. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www. ccdc.cam.ac.uk/data_request/cif. 
 









Isotriumphalone isomer (155) 
 
To a solution of 53 (30.0 mg, 111 mol) in MeOH (10 mL) was added 6N HCl (45 g) at 
room temperature. The mixture was heated to reflux for 15 h. The mixture was concentrated under 
reduced pressure. The residue was purified by preparative TLC on silica gel (hexane/AcOEt = 8:2) to 
give 154 (17.0 mg, 57%) and 155 (7.0 mg, 23%); FTIR (neat) 3443, 3375, 2963, 2933, 1716, 1695, 
1461, 1380, 1260, 1090, 1049, 1017, 798 cm−1; 1H NMR (600 MHz, CDCl3) δ 4.18 (d, J = 2.5 Hz, 1 
H), 3.17 (d, J = 2.5 Hz, 1 H), 2.79 (s, 1 H), 2.71 (ddd, J = 18.2, 8.4, 6.4, 1 H), 2.60 (ddd, J = 18.2, 8.4, 
6.4 Hz, 1 H), 1.58 (m, 2 H), 1.34–1.25 (m, 4 H), 1.28 (s, 3 H), 1.19 (s, 3 H), 1.17 (s, 3 H), 1.03 (s, 3 
H), 0.89 (t, J = 7.0 Hz, 3 H); 13C NMR (150 MHz, CDCl3) δ 221.3, 215.6, 87.8, 85.0, 53.1, 48.8, 40.8, 
31.3, 28.8, 22.7, 22.5, 21.4, 20.2 × 2, 13.9; HRMS (FAB) m/z (M−H)− calcd for [C15H26O4−H]− 
269.1758, found 269.1749. 
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導体テトラゴカルボン A および B の合成による構造決定について述べた． 
第一章ではテトラゴカルボン類の各種 2 次元 NMR 解析の結果から平面構造を導き出し
たことを述べた．第二章ではテトラゴカルボン A，B の可能な 4 つの立体異性体を全て合成
し，天然物との NMR の比較により相対立体化学を 1,3-トランス，1,6-トランス体と決定し
た．また，合成前駆体の X 線結晶構造解析とキラル HPLC を組み合わせることでテトラゴ
カルボン A の絶対立体化学を決定することができた．テトラゴカルボン B の絶対立体化学
もまた A と同じであることを示唆する知見を得た．さらにダイレクティング効果を積極的
に用いた合成法により，テトラゴカルボン A の量的供給経路を確立することができた． 
 第三章では第二章で確立したテトラゴカルボンの合成方法を基に，フロログルシノール
類縁体であるトリウムファロン，No name (from Myrtus communis)の全合成を達成した．
これにより，本合成法がモノメリックフロログルシノールの合成に応用可能であることを
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